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I. INTRODUCTION 
Environmental pollutants can be classified into two major categories, namely; organic 
pollutants and inorganic pollutants. Numerous methods have been developed for reducing 
pollutant concentrations in waste streams. These methods may be classified into: 
1. Biological processes 
2. Chemical processes and 
3. Physical processes. 
Biological processes, when applicable, are the most effective and efficient methods of 
removing organic contaminants fi'om waste streams. In biological processes, pollutants are 
metabolized by biomass and the end products are harmless or useful to mankind. Some 
inorganic contaminants that are necessary for microbial growth and synthesis are also removed 
by biological treatment. 
There are two major biological processes, namely: 
1. Aerobic 
2. Anaerobic 
Aerobic biological treatment involves the use of oxygen utilizing bacteria (aerobes) for 
the conversion of organic wastes to CO2 and water with about 50% of the organic matter 
destroyed being converted to new cell. Therefore, the result of the aerobic treatment is the 
production of large quantity of biological sludge which has to be stabilized and disposed. 
Additionally, because oxygen is required for aerobic treatment, the process involves high 
energy and operating costs. Despite these disadvantages, aerobic treatment has been used for 
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the treatment of domestic and some industrial wastewater because of its long history of 
application, process stability and good performance history. 
Anaerobic biological treatment uses bacteria which grows at the absent of molecular 
oxygen. Therefore, the addition of oxygen is not required as in the case of aerobic treatment. 
Secondly, the cell yield in anaerobic treatment is tow (maximum of about 15%) which reduces 
the cost of sludge stabilization and disposal in comparison to aerobic treatment. The end 
product of anaerobic treatment is CO2 and methane (CH^). The methane produced is useful 
as fiiel. 
In its early application, anaerobic treatment was applied mainly on sludge digestion 
and on the treatment of high strength wastewaters (COD > 1000 mg/L). Significant progress 
in anaerobic treatment has led to the development of high-rate anaerobic reactors. These 
recently developed reactors include the anaerobic contact process, the anaerobic filter, the 
anaerobic expanded bed, the anaerobic fluidized bed, the upflow anaerobic sludge blanket, and 
the anaerobic sequencing batch reactor (ASBR). 
In contrast to the conventional continuous stirred tank reactor (CSTR), high-rate 
anaerobic treatment systems possess the ability to retain biological solids in the reactor which 
makes it possible to decouple solids retention time (SRT) from hydraulic retention time 
(HRT). 
Due to the development of high-rate anaerobic reactors, anaerobic treatment is now 
considered the system of choice for industrial waste pretreatment prior to discharge to 
municipal sewers. Such pretreatment has saved industries large sums of money due 
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to reductions in user fees paid to sewage treatment utilities. The anaerobic process is now 
considered appropriate for the treatment of low strength wastewaters at ambient tempera­
tures, especially in tropical climates. Such treatment was taught to be impossible prior to the 
development of modem anaerobic (high-rate anaerobic) reactors. 
In addition to operating temperatures, hydraulic retention time (HRT) has an effect on 
the economy (size) of a reactor. A system that is operated at long hydraulic retention times 
accepts and decants less volume of wastewater per day and therefore requires larger reactor 
volume for treating a given flow of wastewater in comparison to a system which operates at 
short hydraulic retention time. An anaerobic reactor which provide efiScient treatment of low-
strength wastewater at ambient temperatures and at low HRTs can significantly contribute to 
the treatment of various low-strength industrial and municipal wastewaters. 
The anaerobic sequencing batch reactor (ASBR) is a new high-rate anaerobic 
treatment process developed by Richard R. Dague and his graduate students at Iowa State 
University. A U.S. Patent (No. 5,185,079) was issued for the ASBR in February 1993. The 
first experimental study with the ASBR was conducted in 1989 and 1990 (Habben, 1991; 
Pidaparti, 1992). Since its development, studies with the ASBR have focused on mesophilic 
(35®C) or thermophilic (50°C) treatment of various high-strength wastes such as swine 
wastes, high strength synthetic milk wastewaters, landfil leachate, starch waste waters, and 
furaldehyde wastewaters. In addition to treatability studies, other research with the ASBR 
process have been conducted to define mixing requirements, biosorption process, appropriate 
length to diameter ratios for the system design, and granulation process. In early studies 
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which preceded the present ASBR process, Dague (1966,1967,1970) reported equal COD 
removals at 35 and 25°C during anaerobic activated sludge treatment of synthetic waste­
waters. Dague and Pidaparti (1991) also achieved equal treatment efficiency at 35 and 25°C 
during ASBR treatment of swine wastes. Also, a pilot scale ASBR is in operation at Cedar 
Rapids, Iowa, treating wastewaters from a starch manufacturing industry. However, no study 
has been conducted on the ASBR treatment of low-strength wastewater, especially at ambient 
temperatures and at various HRTs. A brief review of ASBR research is presented in the 
literature review section of this dissertation. 
As a high-rate anaerobic reactor capable of holding high biological solids, it was 
hypothesized that the ASBR process would be an efficient system for the treatment of low-
strength wastewaters. To confirm the hypothesis, it was decided to conduct a detail study on 
ASBR treatment of low-strength wastewaters at various temperatures (35,25, 20 and 15°C) 
and HRTs (48, 24, 16 and 12 hr HRTs). 
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n. SCOPE AND OBJECTIVES 
The overall objective of this study was to evaluate the performance of the anaerobic 
sequencing batch reactor (ASBR) as a system for the treatment of low strength wastewater at 
various temperatures and hydraulic retention times. 
The following specific studies were conducted for the achievement of the overall 
objective: 
1. Investigate the effect of temperature on ASBR treatment of low strength waste­
water. 
a. Evaluate the effect of temperature on COD removal efficiency under various 
substrate concentrations. 
b. Evaluate the effect of temperature on biological solids inventory at various 
substrate concentrations. 
c. Evaluate the effect of temperature on volatile fatty acids concentrations in the 
reactors and methane production at various substrate concentrations. 
2. Investigate the effect of hydraulic retention time (HRT) on ASBR treatment of low 
strength wastewater at various temperatures. 
a. Evaluate the effect of HRT on COD removal efficiency at the various treat­
ment temperatures. 
b. Evaluate the effect of HRT on COD removal efficiency under various substrate 
concentrations. 
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c. Evaluate the effects of HRT on solids inventory at various treatment tempera­
tures and substrate concentrations. 
d. Evaluate the effect of HRT on volatile fatty acids concentration in the reactors 
and methane production at various temperatures and substrate concentrations. 
In addition, limited number of studies were performed to evaluate sulfate reduction 
and granulation in the ASBR treatment of low strength wastewater. 
An in depth review of the literature in this research topic along with extensive and 
detmled laboratory studies were conducted to accomplish the overall objectives. 
The laboratory studies involved the operation of four identical, six liter reactors. 
Reactor one was operated at 48 hr HRT, reactor two at 24 hr HRT, reactor three at 16 hr 
HRT and reactor four at 12 hr HRT. All four reactors were operated at four temperatures 
(35,25, 20 and 15°C). The substrate treated was a synthetic wastewater (non-fat dry milk; 
NFDM) at chemical oxygen demand (COD) concentrations of 1000, 800, 600 and 400 mg/L. 
Parameters monitored for evaluating the effects of temperature and HRT on the 
performance of the ASBR treatment of low-strength wastewater were: (1) the removals of 
organic matter (COD), (2) volatile fatty acids content of the reactors, (3) biological solids 
inventory (effluent suspended solids, mixed liquor suspended solids and solids retention time), 
(4) food-to-microorganism ratio, (5) pH and alkalinity (6) gas production, (7) sulfate 
reduction analysis, and (8) granulation analysis. 
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m. LITERATURE REVIEW 
A. Fundamentals of Anaerobic Treatment 
1. Microbiology and biochemistry 
Anaerobic treatment involves the use of a microbial consortium to reduce the organic 
content of a waste stream in the absence of molecular oxygen. The end product in the 
anaerobic methanogenic conversion of organic pollutants is methane and carbon dioxide. The 
methane produced is useful as a fuel gas [McCarty, 1964a]. 
According to Thiele [1991], Henze and Harremoes [1983], three major biological 
reaction steps are involved in anaerobic treatment. That is, the microbial population in an 
anaerobic reactor, in the absence of sulfate and nitrate, are made up of three trophic groups in 
terms of the reactions occurring. These groups are; hydrolytic fermentive organisms, 
syntrophic acetogenic organisms and the methanogenic fermentation orgamsms. In the 
hydrolytic step, the hydrolytic bacteria break down complex organic matter into simple, low 
molecular weight end products such as lactate, ethanol, acetate, formate, hydrogen, propio­
nate and butyrate. In the syntrophic acetogenic reaction step, the acetogens oxidize hydrolytic 
fermentation end products like ethanol, propionate, butyrate and benzoate into acetate, 
formate and hydrogen. Lastly, in the methanogenic reaction step, the acetate, formate and 
hydrogen are converted to methane gas. The anaerobic treatment process is therefore a 
complex one and a given anaerobic reactor requires the presence of the right microbial 
consortium which must live in a dynamic equilibrium state for a successful system operation. 
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A schematic showing the conversion of organic matter to methane, based on the three 
trophic microbial groups presented by Thiele [1991], is shown in Figure 1. Based on the 
treatment end products, the anaerobic bacteria are often grouped into; (1) acid formers, and 
(2) methane formers. The classical work of McCarty [1964a] shows the pathway with percent 
chemical oxygen demand (COD) transformation in the conversion of organic matter to 
methane in the acidogenic and methanogenic phases, as illustrated in Figure 2. Zeikus [1979, 
1981] divided the microbial population in anaerobic reactor into four trophic groups; Group 
I: hydrolytic bacteria. Group 11: H2-producing acetogenic bacteria. Group HI: homoaceto-
genic bacteria, and Group IV; methanogenic bacteria. A modified schematic for Zeikus' 
scheme is shown in Figure 3. The physiological characteristics of bacteria representative of 
the four major trophic groups in anaerobic treatment is shown in Table 1. However, sulfate-
reducing bacteria is another important microbial group in anaerobic treatment, as will be 
discussed later. Table 2 presents typical population densities for the five groups of bacteria 
most commonly found in anaerobic reactors. 
An extension of Zeikus' work [1979,1981] was presented by Novaes [1986]. He 
classified the metabolic processes and microbial groups involved in anaerobic treatment into 
five groups as presented in Figure 4. The five groups are: (1) Fermentative (hydrolytic) 
bacteria, (2) H2-producing acetogenic bacteria, (3) H2-consuming acetogenic or homoaceto-
genic bacteria, (4) C02-reducing methanogenic bacteria, and (5) Acetoclastic methanogenic 
bacteria. 
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Figure 1. Conversion of organic matter to methane based on three trophic group theory 
presented by Thiele [1991] 
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Figure 2. Methane fermentation of a complex organic waste from acedogenic and methano-
genic reactions [McCarty, 1964a] 
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Figure 3. Schematic of four levels of microbial species in anaerobic treatment presented by 
Zeikus [1979, 1981] 
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Table 1. Physiological characteristics of bacteria representative of the four major trophic 
groups in anaerobic treatment [Zeikus, 1979] 
Oreanism 
Trophic 
Group Nutrition* 
Catabolic 
Substrates'' 
Doubling 
Time® 
Fermentation 
Products'' 
Clostridium 
thermocellum 
Hydrolytic 
bacteria 
Heterotroph 
+ 
Cellulose 
Cellobiose 
7 
2 
H2/CO2, ethanol 
Acetic, lactic 
'S organism' H^-producing 
acetogenic 
bacteria 
Heterotroph 
+ 
Pyruvate 
Ethanol 
"" H2/CO2, ethanol 
A c e t i c  I I 2 ,  
acetic 
Acetobacterium 
woodlii 
Homoacetogenic 
bacteria 
Mxotroph 
+ 
Fructose, lactic 
H2/CO2 
6 
24 
Acetic 
Acetic 
Methanobacteruim 
themoauto-
trophicum 
Methanogenic 
bacteria 
Autotroph H2/CO2 
CO 
2-4 
30 
CH4, CO2 
Melhanosarcina 
barken 
Methanogenic 
bacteria 
Mixotroph H2/CO2. 
CH3OH 
CH3NH2 
CH,COOH 
10-12 
>24 
CH4, CO2 
® (+), Growth factors required; (-), no growth factors required. 
^ Substrates shown are not the exclusive energy sources metabolized by individual species. 
^ Apparent doubling time under optimal growth conditions. 
^ Represents major end products. 
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Table 2. Typical population densities for the five groups of bacteria most commonly found in 
anaerobic reactors [Zeikus, 1979] 
Group Numbers (per ml) Generic Identity 
Hydrolytic Bacteria 
Total 
Proteolytic 
Cellulolytic 
10^-10^ 
lo"^ 
10^ 
Majority unidentified 
Gram-negative rods 
Eubacterium 
Clostridium 
Hydrogen-producing acetogenic 
bacteria 10^ 
Unidentified 
Gram-negative rods 
Homoacetogenic bacteria 10^-10^ Clostridium Acetaobacterium 
Methanogens 
00 o
 1 
VO o
 Methanobacterium 
Methanospirillum 
Methanococcus 
Methanosarcina 
'Methanothrix' 
Sulfate reducers 10"^ Desulfovibrio 
Desulfotomaculum 
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HYDROLYSIS 
ACETOCENESB 
9 METHANOGENESIS METHANOGENESIS 
ACETATE 
COMPLEX ORGANIC COMPOUNDS 
(Carbohydrolm, Proltin*, Llpldt) 
SIMPLE ORGANIC COMPOUNDS 
( Sugar* .AminoacMi, ftplldw) 
LONG CHAIN FATTY ACIDS 
(Proplonola , Butyrol*, tie) 
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Figure 4. Metabolic steps and microbial groups involved in anaerobic treatment: (1) Fermen­
tative (hydrolytic) bacteria, (2) H2-producing acetogenic bacteria, (3) H2-consum-
ing acetogenic or homoacetogenic bacteria, (4) C02-reducing methanogenic 
bacteria, and (S) Acetoclastic methanogenic bacteria [Novaes, 1986] 
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Zeikus' and Novaes' schemes present modem understanding of the microbial groups in 
anaerobic systems. Firstly, they show that propionate can not be directly used by methano-
gens, as previously believed and shown in Figure 2. Secondly, they simplified the syntrophic 
relationship between the acetogens and methanogen. Thirdly, they simplified the two-stage 
(acidogen and methanogen) process involved in anaerobic treatment and the importance of 
interspecies hydrogen transfer in anaerobic process control. 
As stated earlier, the successful operation of an anaerobic process requires the presence 
of the right population of all microbial species. It is obvious that species diversity is a source 
of difficulty in process control and failure of anaerobic reactors. These problems are only 
overcome if there is a balance in the species population. The importance of the interspecies 
interaction in the anaerobic systems has been presented by Grotenhuis and others [1986]. 
a. Hydrolytic bacteria and fermentation According to Novaes [1986], most 
organic wastes contain carbohydrates, lipids and protein. The function of the hydrolytic 
bacteria is to reduce the high molecular weight organics to low molecular weight substances. 
Specifically, they produce enzymes which hydrolyze organic compounds such as cellulose, 
hemicellulose, pectin, starch (polysaccharides) and others into smaller molecular weight 
materials (e.g., monosaccharides) which is transported to the interior of the cells and 
fermented into a variety of products such as ethanol, butyrate, acetate, propionate and others 
[Novaes, 1986]. 
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According to Daniels [1984], the hydrolytic bacteria include obligate anaerobes such as 
Clostridium, bacteroides. ruminococcus and butvrivibrio species and facultative anaerobes 
such as the escherichia coli and bacillus species. 
b. Acetogenic (syntrophic) bacteria Numerous studies [Dinopoulou et al., 1987, 
1988; Ghosh et al., 1975; Toerien et al., 1967; Vanderhaegen et al., 1992] have reported on 
the acid forming phase of anaerobic treatment (products of hydrolytic fermentation) which 
show both the importance of the acid forming phase in overall anaerobic treatment as well as 
its role in the formation of granules in anaerobic reactors. The degradation of organic acids is 
performed by the acetogenic bacteria. That is, the acetogenic bacteria oxidizes hydrolytic 
fermentation products to acetate and other fatty acids. This group of bacteria, which have 
also been studied by Mclnemey, Bryant and Stafford [1979], includes both facultative and 
obligate microbes that can ferment organic acids larger than acetic (e.g., butyrate, propionate) 
and neutral compounds larger than methanol (e.g., ethanol and propanol) to hydrogen and 
acetate [Zeikus, 1981], Based on the reports by Novaes [1986], the acetogenic bacteria can 
be grouped into two categories depending on whether H2 is produced (H2-producing 
acetogens) or hydrogen is consumed (homoacetogens). 
The H2-producing acetogens exist in a syntropic association with H2-utilizing bacteria. 
In order for the H2-producing bacteria to grow, catabolize hydrolytic end products and 
produce H2, it is essential that the methanogens maintain an extremely low partial pressure of 
H2 in the reactor. One explanation for the dependency of the H2-producing bacteria on the 
methanogens has been presented by Bryant [1979] which is summarized in Table 3. From 
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Table 3. Stoichiometry and change in free-energy of the reactions for catabolism of 
propionate and butyrate by H2-producing acetogens in pure culture with H2. 
utilizing methanogens [Bryant, 1979] 
A. Propionate-catabolizing acetogenic bacterium 
CH3CH2COO- + 3H2O - CHjCOO" + HCO3" + H"^ + 3H2 
= +18.2 kcal/reaction 
B. Butyrate-catabolizing acetogenic bacterium 
CH,CH,CH,COO" + 2H,0 - 2CH,C00" + H"^ + 2H, 
= +11.5 kcal/reaction 
C. H2-utilizing methanogenic bacterium 
HCO3" + 4H2 + H"^ - CH4 +3H2O 
= -32.4 kcal/reaction 
D. SUM A + C. Syntropic association 
4CH3CH2C00~ + 3H2O - 4CH3COO- + HCO3- + H"^ + 3CH4 
= -24.4 kcal/reaction 
E. SUM B + C. Syntropic association 
2CH,CH,CHoC00~ + HCO," + H,0 - 4CH,C00~ + CH4 + 
= -9.4 kcal/reaction 
Table 3, it is seen that the catabolism of propionate to acetate, CO2 and H2 (reaction A) and 
the catabolism of butyrate to acetate and H2 (reaction B) would not proceed alone because of 
the highly positive free-energy for both reactions [Bryant, 1979], However, the H2-utilization 
reaction by methanogens (reaction C) would proceed because of its highly negative free-
energy. Therefore, when the H2-producing acetogenic bacteria is placed in syntropic associa­
tion with the H2-utilizing bacteria (sum of A+C, and sum of B+C), then the combined reac­
tions (reactions D and E) become energetically favorable enough to occur [Bryant, 1979]. 
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According to Daniels [1984], for the reactions to favor H2-producing bacteria, that is with a 
negative free-energy, the H2 partial pressure must be less than 10'^ atm for the use of 
butyrate and 10"^ atm for the use of propionate. That is, propionate acetogenesis is more 
sensitive to H2 partial pressure than butyrate acetogenesis. However, McCarty [1981] 
believes that the utilization of propionate by H2-producing bacteria requires H2 partial 
pressures not exceeding 10'^ atm which still makes propionate utilization by H2-producing 
bacteria much more sensitive to H2 partial pressure than butyrate acetogenesis. Figure 5 
illustrates the relationship that exists between hydrogen partial pressure and free-energy 
available to hydrogen-producing and hydrogen-consuming bacteria. 
c. Methanogenic bacteria The methanogenic trophic group of bacteria has been 
widely studied [Daniels, 1984; Heukelekian and Heinemann, 1939; Macario and Macario, 
1988; Smith et al., 1980; Thauer, 1981; Wolfe, 1971; 1979; and Zehnder et al., 1981]. 
According to Daniels [1984], methanogens are obligate anaerobes that produce methane gas 
as an end product of metabolism. He also states that methanogens live in waterlogged soils, 
the gut of animals, sewage sludge, manure piles, marine and fresh water sediments, and hot 
springs. Table 4 presents the list of some methanogenic species in pure culture, their 
morphology and the acetogenic end products they catabolize to methane. The methanogens 
are important in anaerobic treatment because they are effective at using electrons in the form 
of H2 and for breaking down acetate anaerobically without exogenous electron acceptors such 
as nitrate and sulfate. Without the methanogens, anaerobic treatment of wastes would not be 
complete because organic acids would accumulate in the reactor with energy contents almost 
equal to the original organic matter [Bryant, 1979]. 
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Figure 5. Effect of hydrogen partial pressure on the fi-ee energy of conversion of ethanol, 
propionate, acetate and hydrogen during methane fermentation [McCarty, 1981] 
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Table 4. Methanogenic species in pure culture [Smith et al., 1980] 
Species Former Designation Morphology Substrates 
Methanobacterium 
formicicum 
bryantii 
thermoautotrophicum 
(Methanobacterium 
M.O.H.) 
Rod H2/CO2, formate 
H2/CO2 
H2/CO2 
Methanobrevibacter 
ruminatntium 
arboriphilus 
smithii 
(Methanobacterium 
ruminantium Ml) 
(Methanobacterium 
arbophilicum) 
(Methanobacterium 
ruminantium P.S.) 
Coccobacillus 
H2/CO2, formate 
H2/CO2 
H2/CO2, formate 
Methanococcus 
varmielii 
voltae Methanococcus P.S. 
Coccus 
H2/CO2, formate 
H2/CO2, formate 
Methanogenium 
cariaci 
marisnigri 
— 
Coccus 
H2/CO2, formate 
H2/CO2, formate 
Methanosprillum 
hungatei ... 
Spirillum 
H2/CO2, formate 
Methanosarcina 
barkeri — 
Coccoid 
H2/CO2, methanol, 
acetate, methyl-
amines 
As shown in Table 4, the substrates that can be used by methanogens as their carbon 
and energy sources include H2/CO2, formate, methanol, acetate and methylamines. The 
energy yielding reactions used by methanogens are shown in Table 5. The reactions may be 
substantially altered if other electron acceptors such as metal oxides (FeOOH, Mn02 etc.), 
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Table S. Energy yielding reactions catalyzed by methanogens [Zehnder et al., 1981] 
Reaction AG® at pH 7 
(ia/CH4) 
4H2 + CO2 CH4 + 2H2O -139.2 
4HCOO" + 2H'^ - CH4+CO2 + 2HCO3" -126.8 
HC00" + 3H2 + H'^  - CH4+2H2O -134.3 
4CO + 2H2O - CH4+3CO2 -185 .1 
4CH3OH - 3CH4 + CO2 + 2H2O -102.5 
CH3OH + H2 - CH4+H2O -121.1 
4CH3NH2 + 2H2O + 4H'^ - 3CH4 + CO2+ 4NH4"^ -101.6 
2(CH3)2NH + 2H2O + 2H'^ - 3CH4 + C02+2NH4"^ -86.3 
4(CH3)3N + 6H20 + 4H'^ - 9CH4 + 3C02+4NH4'^ -80.2 
2CH3CH2-N(CH3)2 + 2H2O -• 3CH4 + CO2+ =-70.0 
2CH3CH2NH2 
CH300" + 2H20 - CH4 + HC03~ -28.2 
nitrogen oxides N0"3, NO'2 and/or oxides of sulfur compounds S0^"3) including 
elemental sulfur are present [Zehnder et al., 1981]. 
According to Zeikus [1981], the methanogens function as bioregulators of process 
stability and activity. The most significant regulatory functions are: (1) proton regulation, (2) 
electron regulation, and (3) nutrient regulation. These functions and their significance are 
presented in Table 6. 
d. Pathways in anaerobic degradation of organic wastes As discussed earlier, 
most organic wastes contain carbohydrates (starch), lipids (fat), and protein. The degradation 
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Table 6. Role of methanogens in anaerobic treatment [Zeikus, 1979] 
Function Performed Metabolic Reaction Process Significance 
I. Proton CH3COO" + H"*" - CH4 + CO2 1. Removal of toxic metabolite. 
regulation 2. Maintains pH. 
n. Electron 4H2 + CO2-CH4 + 2H2O 1. Creates favorable conditions 
regulation for metabolism of certain me­
tabolites 
2. Prevents accumulation of 
some toxic metabolites. 
3. Increases metabolic rates. 
in. Nutrient Excretion of growth factors 1. Stimulates growth of hetero-
regulation trophs. 
and final conversion of these compounds to methane presented in Figures 6 through 8 
illustrate the three steps involved in anaerobic treatment. That is: (1) hydrolytic step where 
high molecular substances are broken down to low molecular substances, (2) the acidogenic 
step where hydrolytic products are converted to fatty acids, and (3) the methanogemc step 
where fatty acids are converted to methane. As shown in Figures 6 through 8, the degrada­
tion pathways of these three organic waste components reveal that the hydrolytic step requires 
more reactions for the breakdown of protein to organic acids while the hydrolytic steps for 
starch seem to involve lesser reactions. 
2. Anaerobicmetabolism 
The degradation of organic wastes results in the production of electrons which are 
usually taken by electron acceptors for the completion of anaerobic treatment. Generally, 
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anaerobic respiration occurs when the energy yielding reaction in waste stabilization involves 
electron acceptors other than oxygen. Some conunon electron acceptors in microbial 
respiration are presented in Table 7. However, aerobic respiration which is also presented in 
Table 7 will not be considered in this study. 
Table 7. Some common electron acceptors in microbial respiration [Prescott et al., 1990] 
Electron 
Acceptor 
Reduced 
Products 
Examples of 
Microorganisms 
Aerobic O2 H2O All aerobic bacteria, fungi, protozoa, 
and algae 
Anaerobic NO3" NO2" NjO, N2 Enteric bacteria 
Pseudomonas and Bacillus 
SO42- H2S Desulfovibrio and Desulfoiomaculum 
CO2 CH4 All methanogens 
S® H2S Desulfuromonas and Thermoproteus 
Fe^^ - 2 +  Fe Pseudomonas and Bacillus 
a. Energy and carbon source As was shown in Table 4, the present knowledge 
about methanogens suggests that they can only use two types of substrate for their energy 
source. These are either the proton-bearing substrates that include H2/CO2 and formate 
(HCOOH), and the methyl-bearing substrates that include acetate (CH3COOH), methanol 
(CH3OH) and methylamines (CH3NH2, (CH3)2NH, and (CH3)3N). The substrates and the 
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methanogenic reactions along vnth their free energy values were shown in Table S. Table 5 
also showed that growth on CO is possible. 
According to Smith and others [Smith et al., 1980] almost all the methanogens known 
so far can use H2/CO2 as their energy and carbon source (Table 4). Table 4 showed that of 
the methanogens, methanosarina barkeri is the only known methanogenic species that uses 
H2/CO2, methanol, acetate and methylamines. Formate is the next most used energy and 
carbon source for methanogens. However, all the formate using methanogens also can use 
H2/CO2 but not vice-versa. 
b. Nutrition requirement: Nitrogen, sulfur, and phosphorus sources Like other 
bacteria, as well as other living beings, methanogens require nitrogen (important component 
of amino acids) for biosynthesis. In addition, sulfur and phosphorus are required in trace 
amounts in comparison to carbon, hydrogen, nitrogen and oxygen. 
The well known source of nitrogen for methanogens is [Prescott et al., 1990]. 
However, many bacteria are capable of fixing N2 as their sole nitrogen source. 
Although all suggested chemical formulas for microorganisms such as C5HyN02 do 
not show sulfur, sulfur is required by microorganisms. Sulflir is needed for the synthesis of 
amino acids (cysteine and methionine) and several coenzymes. In addition, sulfur is needed 
for microbial biosynthesis [Prescott et al., 1990]. Microorganisms are known to obtain sulfur 
from amino acid reserves. In addition, sulfate (S0^^~) is also used as a source of sulfur for 
microbial synthesis. The sulftir atom in sulfate is more oxidized than in cysteine and other 
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organic molecules, therefore, sulfate must be reduced before it can be assimilated in a process 
called "assimilatory sulfate reduction" which distinguishes it from "dissimilatory sulfate 
reduction" which occurs when sulfate acts as electron acceptor in the respiration of some 
anaerobic bacteria. 
Phosphorus is found in nucleic acids, proteins, phospholipids and coenzymes. How­
ever, the most common sources of phosphorus are the inorganic phosphates and organic 
phosphate ester. Microorgatusms obtain organic phosphate from their environment either in 
dissolved or particulate form. Organic phosphate ester are often hydrolyzed and released as 
organic phosphate. Inorganic phosphate is used by microbes through the formation of ATP in 
one of three ways: (1) photophosphorylation, (2) oxidative phosphorylation, and (3) substrate 
level phosphorylation [Prescott et al., 1990]. 
B. Anaerobic Treatment of Wastewater 
1. History of anaerobic treatment 
Anaerobic organisms were first discovered in 1861 by Louis Pasteur during his 
research on fermentation processes ipague, 1981; Prescott et al., 1990]. The utilization of 
anaerobic microorganisms in waste treatment started in 1881 with the development of 
Mouras' Automatic Scavenger [Jewell, 1987; McCarty, 1981]. 
In its early application, anaerobic treatment was applied mainly on sludge digestion. 
Also, early research on anaerobic treatment was focussed on sludge digestion. Experience 
with anaerobic digestion of sludges where only 50% reduction of solids was possible even at 
long stabilization times led researchers to lose interest in the application of anaerobic 
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treatment of liquid wastes. A report by Batch [1931] states that anaerobic waste treatment 
was only applicable for sludge stabilization and not for the treatment of liquid wastes. 
However, a report by Fullen [1953] showed successful anaerobic treatment of packing 
house waste in a system called the "anaerobic contact process." McCarty [1964a] wrote that 
the belief that anaerobic treatment was an inefficient process was a fallacy related to the 
experience with sludge digestion where most of the organic material being treated were not 
readily susceptible to biological degradation, and only about SO percent reduction in solids is 
possible. McCarty [1964a] went on to list several advantages of anaerobic over aerobic 
processes; 
1. 80-90% of degradable organic waste can be converted to methane. 
2. Low production of waste biological sludge. 
3. Low nutrient requirement due to less biomass production. 
4. No oxygen is required. 
5. The methane produced is valuable. 
McCarty [1964a, 1964b, 1964c, 1964d, 1968, 1981] also became a pioneer in 
differentiating anaerobic treatment from anaerobic digestion. In his usage, McCarty [1968] 
differentiates between anaerobic digestion which refers to solids destruction only, from 
anaerobic waste treatment, which implies general waste treatment. 
Despite the advantages of anaerobic treatment, there are, however, a few disadvan­
tages of the process when compared to aerobic treatment. These disadvantages were noted 
based on experience with the conventional continuous flow stirred tank anaerobic reactor 
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(CFSTR). It was recognized that for an anaerobic process to be successful, the following 
disadvantages of the system have to be overcomed by proper system design. The first disad­
vantage of anaerobic process is the slow growth rate of anaerobic organisms, resulting in 
system failure if high loss of solids in the effluent occurs. The slow growth rate of anaerobic 
organisms is also responsible for longer start-up period of anaerobic reactors in comparison to 
aerobic processes. A second disadvantage is the high operating temperature required for 
efficient performance of anaerobic process. Generally, the operating temperature for anaero­
bic process is at 35°C. This temperature requires an external heat source, which is an 
additional cost item especially in non-tropical regions. Thirdly, the anaerobic process has been 
considered unsuitable for the treatment of low-strength and sulfate bearing wastewaters, 
because of the low-substrate utilization rate at low substrate concentration and sulfate 
inhibition, respectively. 
Researchers recognized in the early 19S0's that the maintenance of high population of 
biomass in the reactor would be necessary for successful anaerobic treatment of liquid wastes. 
One of the earliest researches on the retention of biomass in anaerobic reactor was reported by 
Stander [1950]. He found that the separation of bacteria firom the effluent stream and 
returning them to the reactor was helpful in maintaining a large population of methanogens in 
his laboratory treatment of various wastewaters from the fermentation industry [Stander and 
Snyder, 1950]. The principle of effluent sludge separation was later demonstrated by Stander 
in a full-scale treatment of winery wastewater in an anaerobic "clarigester" reactor which 
employed a settling tank for the return of effluent solids to the reactor [Iza et al., 1991]. The 
mechanism of effluent solids capturing and recycling to the reactor was used in the develop­
ment of the first high-rate anaerobic reactor "the anaerobic contact process" by Fullen [1953]. 
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2. Important parameters in anaerobic treatment 
The complexity of anaerobic waste treatment, relative to the microbial consortia and 
reactions involved, indicate that certain parameters are of particular importance for process 
control and system stability. These parameters include the reactor environment and opera­
tional parameters. The environmental parameters include; temperature, pH, alkalinity, 
volatile acids, ammonia, sulfate, toxic metals and salts, and inhibitory intermediate products. 
The operational parameters included solids concentration (MLSS), solids retention time 
(SRT), food to microorganism ratio; (F/M) ratio, organic concentration and loading rate, and 
hydraulic retention time (HRT). 
a. Environmental parameters 
i. Temperature The temperature at which a biological reactor is operated has a 
profound influence on the rate as well as the degree of biological waste treatment. 
Early studies on the effect of temperature in anaerobic processes were mainly on 
sludge digestion, and not in liquid waste treatment. Some of these early studies include a 
report by Rudolfs (1927) who studied anaerobic digestion at temperatures of 10, 18,24,29.5 
and 35°C. He found that the total amount of gas produced from a gram of sludge was not 
affected by temperature, but that the rate of gas production was affected by temperature. His 
resuhs showed that more time was required for sludge destruction at lower temperatures in 
comparison to higher temperatures. 
A study by Heukelekian (1933) showed equal sludge digestion time in a batch process 
at temperatures of 28 and 42°C. Present knowledge on biological waste treatment has 
identified three different temperature ranges for waste treatment. These temperatures are; 
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1. Thermophilic temperature (45®-65°C) 
2. Mesophilic temperature (20°-45°C) 
3. Psychrophilic temperature (0°-20°C) 
The rate of biological treatment has been generally assumed to double for every rise in 
temperature of about 10°C and vice versa [Dague et al., 1970], due to a reduction in 
microbial metabolic rate at lower temperatures. In addition, a reduction of treatment 
temperature affects biogas recovery from the reactor due to a reduction of Henry's law 
constant of gases at lower temperature [Metcalf and Eddy, 1991], which tend to increase 
biogas solubility at lower temperatures. 
Anaerobic treatment has generally been operated at the mesophilic temperature. This 
usually demands the application of external heating to the reactor. The heat requirement is 
achieved by direct utilization of the methane gas produced. However, for the treatment of 
low strength wastewater where methane production is low, it is necessary to successfully 
operate the system at ambient temperatures. The modem high-rate reactors have been found 
to be capable of operating at low temperatures. High-rate anaerobic treatment of low-
strength wastewater will be reviewed later in this dissertation. 
Because of biomass response to changes in their environment, it has been recom­
mended that temperature changes during studies A^th anaerobic reactors should be slow and 
gradual to avoid a shock to the system. 
In his studies, Dague [1967] used a step-wise temperature change of l^C per day to 
facilitate system stability. Henze and Harremoes [1983] also suggest that temperature 
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changes in anaerobic studies should be done slowly such as a step of l^C per day. By so 
doing, they say that the microorganisms will adapt without halt in the metabolic process, but 
the metabolic rate will change. 
Generally, temperature-dependency of reaction rates is defined by the Arrhenius law 
given by [Grady and Lim, 1980]: 
K = Koe-^'r (3.1) 
where, 
K = reaction rate constant g/L 
Kq = frequency factor of reaction; a constant 
E = the activation energy 
R = universal gas constant 
T = absolute temperature 
However, for biological waste treatment, the relationship between the reaction rate 
constant for substrate utilization and temperature is given by the Streeter-Phelps equation 
expressed as [Benedict and Carlson, 1970; 1974; Grady and Lim, 1980]; 
Kj = Kj eT2-Tl Qr (3-2) 
where, 
KiKo = Reaction rate constants at the respective temperatures, T i and To in 
S = Temperature correction coefficient (usually within the range of 1.03 to 
1.09) 
Tj = Temperature of the mixed liquor (°C) for Kj 
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T2 = Temperature of the mixed liquor (°C) for K2 
Another important effect of temperature on biological waste treatment is the effect of 
temperature on the settleability of biomass. The effect of temperature on biomass settleability 
can be explamed in terms of the \ascosity of the reactor fluid. Viscosity is used to describe the 
fluidity of a fluid or the tendency of a fluid to resist motion. 
The effect of fluid viscosity on gravity settling of discrete particles is presented in the 
well known Stoke's equation which is given by [Tchobauoglous and Schroeder, 1985]; 
Vg = g(yp-yw)d^ (3.3) 
18e 
where, 
Vg = particle settling velocity, m/s 
g = acceleration due to gravity, m/s 
yp = density of particle, Kg/m^ 
Tw = density of water, Kg/m 
dp = diameter of particle, m 
e = viscosity (dynamic) of water, Kg/m/s 
Equation 3.3 shows that the settling velocity of a ^ven biomass particle decreases with 
increase in viscosity of the fluid, with other factors remaining constant. This resistance 
increases as temperature decreases. For example, as the temperature of water changes fi'om 
100°F to 60°F (37.7° to 15°C) its viscosity increases by about 40 percent with only 1 percent 
increase in density [Munson et al., 1990]. This means that a particle of biomass has about 40 
percent more shear stress to overcome during settling at 1S°C as compared to settling at 
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37.7°C. Davis and Comwell [1991] present properties of water at various temperatures. 
Their reported density and viscosity of water at various temperatures are presented in Table 8. 
Table 8 shows a 37% increase in dynamic viscosity of water with only about 0.5% increase in 
density as temperature drops from 35®C to 15°C. 
Table 8. Physical properties of water at 1 atm [Davis and Comwell, 1991] 
Temperature (°C) 
Density, p 
(ke/m,) 
Dynamic viscosity, € 
(mPa • s) 
0 999.842 1.787 
5 999.967 1.519 
10 999.703 1.307 
15 999.103 1.139 
20 998.207 1.002 
25 997.048 0.890 
30 995.650 0.798 
35 994.035 0.719 
40 992.219 0.653 
45 990.216 0.596 
50 988.039 0.547 
60 983.202 0.466 
70 977.773 0.404 
80 971.801 0.355 
90 965.323 0.315 
100 958.366 0.282 
Pa • s = (mPa • S) x 10"^ 
m^/s = (nm2/s) x 10'^ 
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ii. pH pH is a means of expressing hydrogen ion concentration in a solution. A 
solution such as anaerobic reactor fluid is said to be acidic if pH is less than 7, neutral if pH is 
7, and basic if pH is greater than 7. The optimum pH for anaerobic treatment is at the neutral 
value. The effect of a non-optunum pH level in anaerobic treatment is the shifting of many 
reactions and equilibrium conditions in the reactor. 
The pH of a reactor fluid undergoing anaerobic treatment is related to the acid-base 
chemical equilibrium. According to McCarty [1964b], the major chemical system controlling 
pH in a normal anaerobic reactor, where pH is between 6 and 8 is the carbon dioxide-
bicarbonate system. 
The relationships for the species of the carbonate system at equilibrium are given by: 
The hydrogen ion concentration is related to the carbonic acid and bicarbonate 
concentration by the expression; 
CO2 + H2O-H2CO3 
H2CO3 -H'^ + HC03" 
(3.4) 
(3.5) 
[H-'] = KiQi2C03!] 
[HC03-] 
(3.6) 
where. 
[H"*"] = Hydrogen ion concentration, Mole/L 
K| = Ionization constant for carbonic acid at the given temperature and ionic 
strength, Mole/L 
[H2CO3*] = Carbonic acid concentration, Mole/L 
[HC03~] = Bicarbonate concentration, Mole/L 
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The distribution of the concentration of the carbonate species as a function of pH is 
shown in Figure 9. 
Sawyer and McCarty [1978] and Benefield, Judkins and Weand [1982] defined 
[H2CO3 ] to be equal to the sum of the molar concentrations of [H2CO3] and [C02(aq)] due 
to the fact that it is difficult to distinguish between the two. 
The normal range of pH for anaerobic activity, specifically methane production, is 
between 6.6 and 7.6 [McCarty, 1964b]. Since anaerobic degradation does not occur at pH 
below 6.6, sufficient alkalinity is required to provide buffering so that the pH is maintained at 
the optimum level. 
iii. Alkalinity Alkalinity is the capacity of a solution to neutralize acids. It is 
used in anaerobic treatment for pH control. Alkalinity is based on the bicarbonate-caibon 
dioxide system with the controlling species being the carbonate, bicarbonate, and hydrogen 
ions. At neutral pH levels, bicarbonate is the prevalent species. At low pH levels, the 
hydrogen ion is the dominant species and most of the bicarbonate alkalinity is in the form of 
carbonic acid. At higher pH levels, the bicarbonate changes to caii)onate ions as shown in 
Figure 9. McCarty [1964b] recommends alkalinity levels between 1000 and 2S00 mg/L, as 
CaC03, which will yield about 20 to 40% CO2 in the biogas. A relationship between pH, 
alkalinity and CO2 in digester gas presented by McCarty [1964b] is shown in Figure 10. 
iv. Volatile acids Volatile acids are intermediate compounds in anaerobic 
degradation. Some of the intermediate volatile acids are listed in Table 9. Usually, a volatile 
acids increase in an anaerobic system indicates an imbalance in microbial activity and results in 
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pKo = 10.3 
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pH 
Figure 9. Logarithmic concentration diagram for O.OIM carbonic acid closed to the atmo­
sphere [Sawyer and McCarty, 1978] 
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Figure 10. Relationship between pH, PCO2, and [HCO^""] at 95®F [McCarty, 1964b] 
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Table 9. Intermediate Volatile Acids [McCarty, 1964a] 
Formic Acid HCOOH 
Acetic Acid CH3COOH 
Propionic Acid CH3CH2COOH 
Butyric Acid CH3CH2CH2COOH 
Valeric Acid CH3CH2CH2CH2COOH 
Isovaleric Acid (CH,),CHCH,COOH 
the drop of pH value. Volatile acids were previously discussed in the microbiology and 
biochemistry sections. Volatile acids concentration is related to the system alkalinity as 
follows [McCarty, 1964b]: 
BA = TA- (0.85)(0.833)TVA (3.7) 
where, 
BA = bicarbonate alkalinity, mg/L as CaC03 
TA = total alkalinity, mg/L as CaC03 
0.85 = factor to account for the fact that only 85% of the volatile acid alkalinity 
is measured by titration of TA to pH 4 
0.833 = conversion factor to change total volatile acids in mg/L as acetic to total 
volatile acid alkalinity in mg/L as CaC03 
TVA = total volatile acid concentration, mg/L as acetic acid 
V. Ammonia Anaerobic treatment of protein-bearing wastes results in the 
production of ammonia which reacts with carbon dioxide gas in the reactor to form ammo­
nium bicarbonate (NH^HC03). According to McCarty and McKinney [1961], ammonia may 
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be present in the form of ammonium ion (NH^"'') or dissolved ammonia gas (NH3). The 
equilibrium between the two forms is given by: 
NHj+HJO-NHZ + OIT (3.8) 
The equilibrium concentration of the two ammonia species in solution (water) as a 
function of pH is shown in Figure 11. At 2S°C, the pKa for anunonia system is 9.3 [Sawyer 
and McCarty, 1978]. Therefore, at 2S°C and pH 9.3, half of the ammonia would be in the 
NH3 form and the other half in the form. 
From Equation 3.8, the following equilibrium relationship holds [McCarty and 
McKiimey, 1961]: 
PNH^'^'irOH-l = Kb = 1.85x10-5 350^ (3 9) 
[NH3] 
Ammonia has been found to be both beneficial and inhibitory in anaerobic systems 
based on the concentration of the total ammonia (NH3 plus The ammonia concentra­
tions and their effects in anaerobic systems is shown in Table 10. According to McCarty 
[1964c], free ammonia is inhibitory at much lower concentrations than the inhibitory concen­
tration for the total ammonia (NH3 + NH4'*"). McCarty and McKinney [1961] found free 
ammonia to be toxic at concentrations of 130 to 150 mg/L, as N, in comparison to the effect 
of total ammonia shown in Table 10. They also found that the increase in ammonium ion 
concentration [NH^'*'] led to a decrease in the rate of substrate utilization while an increase in 
the concentration of free ammonia led to toxicity and complete halt of all microbial activity. 
Ammonia concentration in wastewater is usually found using the ammonia nitrogen 
System point 
- 2  
-4 
o> 
-6 
-10 
pH 
Figure 11. Logarithmic concemration diagram for 0.01 M ammonia system [Sawyer and 
McCarty, 1978] 
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test which gives a concentration of the ammonium ion plus the free ammonia: 
[NH3 Ixotal = fNHs] + [NH4'*"1 (3.10) 
The free ammonia concentration is solved for by combining Equations 3.9 and 3.10 to give: 
fNHj 1 = fNHjiroto/rOH-l (3.11) 
VCOH-] 
By using the relationship for the equilibrium state for water: 
[H"^] [OH"] = = 2.09 X 10"^^ at 35°C (3.12) 
and substituting Kw/pj"^] for [OH"] and also replacing [H*^] by 10"P^ in Equation 3.11, the 
equation for free ammonia is: 
[NH3 ] =ajH3l7bto/fV10-ffl (3.13) 
Table 10. Effect of ammonia nitrogen on anaerobic treatment [McCarty, 1964c] 
Ammonia Nitrogen Concentration Efiect on Anaerobic Treatment 
mg/L 
SO-200 Beneficial 
200-1000 No adverse effect 
1500-3000 Inhibitory at higher pH values 
Above 3000 Toxic 
vi. Toxic metals, salts and nutrients Besides ammonia, low pH and excess 
volatile acids, there are many other materials which are toxic to anaerobic systems. Heavy 
metals, such as: zinc, copper, nickel, chromium, lead, cadmium and iron are known to be 
toxic to anaerobic bacteria at some concentration [Mosey and Hughes, 197S]. Also, almost 
44 
all required nutrients are toxic at high concentrations. Figure 12 shows the effect of salts or 
other materials on biological reactions. 
In addition to heavy metals, the alkali and alkaline-earth metal salts are known to be 
toxic to anaerobic bacteria at some concentrations. These include sodium, calcium, potassium 
and magnesium. The stimulatory and inhibitory concentrations of these alkali and alkaline 
earth cations are shown in Table 11. According to McCarty [1964c], the possible methods to 
control toxic materials in anaerobic treatment include: (1) remove toxic material from waste, 
(2) dilute below toxic threshold, (3) form insoluble complex or precipitate, and (4) antagonize 
toxicity with another material. 
Table 11. Stimulatory and inhibitory concentrations of alkali and alkaline-earth cations 
[McCarty, 1964c] 
Concentrations in mg/L 
Cation Stimulatory Moderately Inhibitory Strongly Inhibitory 
Sodium 100-200 3500-5500 8,000 
Potassium 200-400 2500-4500 12,000 
Calcium 100-200 2500-4500 8,000 
Magnesium 75-150 1000-1500 3,000 
vii. Inhibitory treatment intermediates According to Herrero [1983], some 
anaerobic treatment intermediate products such as alcohols and organic acids are toxic to 
anaerobic systems. As discussed earlier, the accumulation of intermediate products indicates 
unbalanced trophic relationships between the H2-producing bacteria and the methanogens. 
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Figure 12. General effect of salts or other materials on biological reactions [McCarty, 1964c] 
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The toxicity caused by the accumulation of alcohol in an anaerobic reactor is known to 
relate to changes in the structure and function of nucrobial cellular membranes. For example, 
the fatty acid composition of C.thermocellum membranes is known to be altered in the 
presence of ethanol [Herrero, 1983]. Briefly speaking, the net effect of excess organic acids in 
anaerobic systems is the requirement of energy expenditure by biomass to restore equilibrium 
pH between the interior and the exterior of the cell which increases energization of the cell 
membrane to a level where inactivity and inhibition occur [Herrero, 1983]. 
viii. Effects of sulfate Sulfate is present in many wastewaters. When sulfate is 
fed to an anaerobic reactor, it usually undergoes biological reduction to sulfide. 
The reduction of sulfates by the sulfate-reducing bacteria is given by the equation 
[Lawrence et al., 1964]: 
The sulfide in an anaerobic reactor may be present in a soluble or insoluble form 
depending upon the cations with which they are associated. Several of the common metal 
sulfides, such as iron, copper, zinc, and nickel, are known to be insoluble, and will precipitate 
and remove the sulfides from solution while the remaining soluble sulfide forms a weak acid 
which ionizes in aqueous solution, the extent depending upon the pH [Lawrence et al., 1964]. 
Usually, the soluble sulfide is hydrogen sulfide (H2S) which results from the reaction of the 
sulfur produced in Equation 3.14 with hydrogen ions in the reactor, according to the equation 
[Metcalf and Eddy, 1991]; 
S04^'+8H'^+8e" sulfate reducing 
bacteria 
S^" + 4H2O (3.14) 
S2-+2H+ - (H2S) (3.15) 
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Lawrence et al. [1964,1966], state that the soluble form of sulfides in an anaerobic 
reactor fluid may include H2S, HS~ and S^~ They also state that only the first dissociation 
of hydrogen sulfide (H2S) is important in anaerobic systems due to the neutral pH at which 
the systems are usually operated. The dissociation relationship is therefore given by; 
HjSCacO-H'^ + HS" (3.16) 
The relationship between hydrogen ion concentration and sulfides is given by [Law­
rence etal., 1964]: 
[H-'] = KiIH2S{ag)l (3.17) 
[HS-] 
Because of the limited solubility of hydrogen sulfide, a certain portion usually escape 
with the reactor gas. The resulting equilibrium between hydrogen sulfide remaining in the 
reactor fluid and that in the gas above the fluid level is governed by Henry's Law as follows 
[Lawrence et al., 1964]: 
[H2S(aq)] = a[H2S(g)] (3.18) 
where [H2S(aq)] and [H2S(g)] are expressed in units of moles per liter of liquid and mole per 
liter of gas, respectively. The values for K ^  in Equation 3.17 and a in Equation 3.18 are 
given in Table 12. 
The prediction of the distribution of the sulfides between the gas and aqueous phases is 
accomplished by considering the relationship between pH and the different forms of soluble 
sulfide, as well as the solubility of the hydrogen sulfide itself By adopting the notation used 
by Lawrence et al. [1964], the total concentration of soluble sulfides (T.S.S.) is given by: 
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Table 12. Values for sulfide equilibrium constants [Lawrence et al., 1964] 
Ionization Absorption 
Temperature Constant coefHcient 
g 
18 9.1 X10"^ 2.72 
25 11.2x10"® 2.28 
35 14.9x10"® 1.83 
45 19.4x10"® 1.52 
[T.S.S.] = [HS-] + [HjSCaq)] (3.19) 
By substituting [HS"] fi-om Equation 3.17 it gives: 
[T.S.S.] = KjJHjSM + [HjSCaq)] (3.20) 
Substituting for [H2S(aq)] fi"om Equation 3.18 gives [Lawrence et al., 1964]: 
[T,S.S.l = a(l+K,.) (3.21) 
[H^SCaq)] [H+] 
From Equation 3.21, it is possible to calculate the equilibrium ratio for the concentra­
tion of soluble sulfides in the reactor supernatant liquid to the concentration of hydrogen 
sulfide in the gas, knowing the reactor pH and temperature. 
Sawyer and McCarty [1978], present the effect of pH on equilibrium of a lO'^M H2S 
solution as shown in Figure 13. The Figure shows decreasing concentration of un-ionized 
sulfide (H2S) with increase in pH. 
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Figure 13. Effect of pH on equilibrium of a 10 ^ M H2S solution [Sawyer and McCarty, 
1978] 
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Early experience with the conventional continuous flow stirred tank reactor had shown 
that high sulfate content in waste stream is toxic to anaerobic reactor due to reduction of 
sulfate to sulfide. One of the problems associated with the presence of sulfate and subsequent 
sulfate-reduction in anaerobic reactors is the competition between the sulfate-reducing 
bacteria and the methanogenic bacteria. As shown in Table 13, sulfate-reducing bacteria use a 
variety of nutrients which include, fatty acids, propionate, acetate, CO2 and organic com­
pounds for energy and cell synthesis with sulfate as their terminal electron acceptor [Law­
rence et al., 1964]. These are the same type of substrates used by the methanogens. The 
competitions between the methanogens and the sulfate-reducing bacteria in anaerobic environ­
ment have been studied by many researchers, such as, Isa and others [1986a, 1986b], Khan 
and Trottier [1978], Robinson and Tiedje [1984], Ueki and others [1986], and Van Den Berg 
and others [1980]. According to Metcalf and Eddy [1991], the competition between the 
sulfate-reducing bacteria and methanogens for the same substrate usually results in an upset of 
the reactor, especially when sulfide concentration exceeds 200 mg/L. Sulfide toxicity in 
anaerobic treatment was reviewed by McCarty (1964c). He stated that "concentration of 
soluble sulfide varying from 50 to 100 mg/L can be tolerated in anaerobic treatment with little 
or no acclimation required" (p. 93). That "with continuous operation, concentrations up to 
200 mg/L of soluble sulfides can be tolerated with no significant inhibitory effect on anaerobic 
treatment" (p. 93). He added that "concentrations above 200 mg/L are quite toxic and that 
toxic concentrations of sulfide may be reduced by gas scrubbing, use of iron salts to precipi­
tate sulfides, dilution of the waste, or separation of sulfate or other sulfur containing streams 
fi-om the waste to be treated." 
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Table 13. Newly identified species of sulfate-reducing bacteria [Hamilton, 1983] 
Gram 
Speciea Reaction Morphology Nutrition 
Desulfovibrio 
sapovorans 
Curved rod Fatty acids (C J g) - Acetate 
Propionate 
SO42- - s2-
Desulfobulbus 
propionicus 
Lemon 
shaped 
Propionate - Acetate SO42--S2-
NO3--NO2" 
Desulfotomaculum 
acetoxidans 
Spore-
forming 
rod 
Acetate - CO2 SO42-- s^-
Desuljuromonas 
acetoxidans 
Rod Acetate CO2 S® - S^" 
Desulfobacter 
poslgatei 
Rod to 
elliptical 
Acetate - CO2 SO42--S2-
Des ulfosarcina 
variabilis 
Irregular in 
packages 
Organic -
COj 
CO2 
Cell SO42-- s2-
Desulfonema + 
magnum 
Filaments 
(7 Jim 
diameter) 
Organic CO2 S042--«S2-
In a summary, the presence of sulfate in anaerobically treated wastewater is a problem 
because: (1) sulfate-reducing bacteria will compete with methanogens for the available 
organic matter as their source of energy; (2) sulfate is reduced to sulfide in the anaerobic 
environment, which can cause the precipitation of nutrients and metals necessary for methanO' 
gens; and (3) un-ionized hydrogen sulfide is toxic to methane producing bacteria (Parkin et 
al., 1991). 
An important parameter in anaerobic treatment of sulfate bearing wastewater is the 
ratio of organic matter and sulfate content of the wastewater. Choi and Rim (1992) studied 
the competition and inhibition of sulfate reducers and methane producers in anaerobic 
treatment using laboratory contact units. The systems were operated at 3S°C and at hydraulic 
retention times ranging from O.S to 6 days. A synthetic substrate (acetic acids) supplemented 
with nutrients was used as the wastewater. The COD of the wastewater was fixed at 2000 
mg/L. Although no source of sulfate was given, the sulfate content of the wastewater was 
adjusted to provide COD/sulfate ratios ranging from 0.4 to 13.3. In addition, they treated sea 
food waste and glutamic acid waste which had COD/sulfate ratios of 1.7 and 1.0 to 1.2 
respectively. They found that sulfate reducers began to predominate at COD/ sulfate ratio of 
less than 1.7, with full domination at the ratio of 0.4. They also found that sulfate reducers 
and methane producers were very competitive at COD/sulfate ratios of 1.7 to 2.7, with 
methane producers dominating at COD/sulfate ratio of 2.7 and above. In terms of sulfate 
concentrations, their results showed that 1200 mg/L sulfate (or 120 to 140 mg/L sulfide) was 
inhibitory to methane producers while a concentration of2000 mg/L sulfate (160 to 200 mg/L 
sulfide) was inhibitory to sulfate reducers. Their results also showed that the inhibitory 
concentration of sulfate was dependent upon the type of waste as 240 mg/L sulfide did not 
inhibit methane production in sea-food waste treatment. 
The use of ferric chloride to precipitate sulfide has been reported to be an effective 
means for successful anaerobic treatment of sulfate bearing wastewater (Choi and Rim, 1991). 
However, there is a concern that such precipitation may also remove necessary nutrients from 
the wastewater resulting in a poor treatment systems. Other researchers (Clancy et al., 1992; 
Lo et al., 1990) have reported on Molybdate inhibition of sulfate reduction in anaerobic 
reactors. They report that Molybdate has shown the ability to deplete the ATP in sulfate 
reducing bacteria and renders them incapable to reduce sulfate to sulfide. 
Reports in the literature show that unlike the conventional CSTRs, high-rate anaerobic 
reactors are capable of treating wastewaters with high sulfate contents (Isa et al., 1986a,b; 
Callado et al., undated paper). Studies by Callado et al. (undated paper) investigated 
treatment of sulfate bearing wastewater in the upflow anaerobic sludge blanket (UASB) 
reactor. The treatment study utilized a 10 liter laboratory scale UASB, a 2000 mg/L COD 
synthetic wastewater and Na2S solution as the source of sulfate. The reactor was operated at 
HRT of 15.6 hrs. Sulfate solution was added to the wastewater at concentrations of 25, 50, 
100,150, 200, 300,400, 500, 750, 1000, 1250, 1500, 2000, 3000, 4000, 5000, 7500, and 
10,000 mg/L as sulfate resulting in COD/sulfate ratio ranging from 0.2 to 80. After seeding, 
the reactor was allowed to reach 95% COD removal prior to a step increase in sulfate 
concentration. They reported that the results did not show severe effects due to the step 
increase in sulfate concentration. Their resuhs showed COD removals of above 95% at low 
sulfate concentrations and above 80% at sulfate concentration of 10,000 mg/L (COD/sulfate 
ratio of 0.2) based on centrifiiged effluent. They also reported that the UASB reactor was 
characterized by a gradual assimilation of the shock load and that with the exception of the 
very high values of influent sulfate concentrations, the COD removal efficiency was always 
restored at more than 85%. They state that similar high efficient treatment of sulfate bearing 
wastewater has also been reported to occur in the anaerobic fluidized bed reactor. 
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Isa et al. (1986b) reported on high-rate anaerobic treatment of sulfate bearing 
wastewater using a one liter laboratory scale reactor which was operated at 35°C and at 
organic loading rate of 10 g COD/L/day. Synthetic substrates (acetate and acetate plus 
ethanol) supplemented with mineral nutrients were used as the wastewaters. Sulfide was 
added by dissolving Na2S.9H20 to obtain 20 g of sulfate as S per liter. Both wastewaters 
were treated at HRTs of 12 hrs and 10 days. Their results showed 27% and 3S% sulfate 
reduction at 12 hr and 10 days HRT, respectively, during the treatment of acetate. During the 
treatment of acetate plus ethanol wastewater, sulfate reduction was 65% and 98% at 12 hrs 
and 10 days HRT respectively. That is, their results showed decreasing sulfate reduction with 
decreasing HRT. Parkin et al. (1991) also reported on successful anaerobic treatment of 
sulfate bearing wastewater using the anaerobic filter. They reported that the levels of sulfide 
in the reactor which resulted in a decrease in performance were significantly higher than those 
levels causing inhibition in the conventional complete mix anaerobic reactors. 
3. Operational parameters 
a. Suspended solids and solids retention time fSRT> Three important parameters 
are involved in biological solids in relation to anaerobic treatment. These parameters are: (1) 
effluent solids; SS, (2) mixed liquor suspended solids; MLSS, and (3) solids retention time; 
SRT. 
The importance of effluent solids concentration in anaerobic treatment cannot be over 
emphasized. The loss of suspended solids in the effluent is important both to the accumula­
tion of mixed liquor suspended solids (MLSS) in the system, maintenance of long solids 
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retention times (SRT) and the overall performance (organic removal) of the system. Excess 
solids in the effluent results in less MLSS and low SRTs. If the SRT is less than the regenera­
tion time of the microorganisms, organism wash-out will occur. The overall effect of solids 
wash-out is the resulting imbalance of microbial species and the required cooperative 
"commuiuty" of microorganisms, especially the methane-formers. This, in turn, results in an 
incomplete conversion of the substrate to methane and carbon dioxide, accumulation of VFA 
and inefficient system. 
For aerobic conditions, microbial degradation of substrates such as sugars, alcohols, 
lipids or protein is said to resuh in about 0.4 g cell dry weight per gram of COD removed 
[Verstraete and Vaerenbergh, 1986], However, Jewell [1987] states that more than 50% of 
the substrate removed by aerobic systems is converted to new biomass as compared to less 
than 15% of organic conversion to new cells in anaerobic systems. 
Generally, the amount of biological solids produced during waste treatment depends, 
in part, on the strength of waste and organic loadings. Therefore, a concentrated wastewater 
will result in high levels of biological solids production. Because less biological solids are 
produced during the treatment of low strength wastewater (about 15% of organic matter 
stabilized), it is important that excessive loss of SS does not occur. 
The total amount of suspended solids in a reactor is called the mixed liquor suspended 
solids (MLSS). Mixed liquor volatile suspended solids (MLVSS) is usually adopted as an 
estimate of active microorganism although such estimation has some drawbacks especially 
when the substrate entering the reactor has suspended solids itself [Switzenbaum et al., 1990]. 
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For successful anaerobic treatment, the solids (MLSS) must be maintained in the reactor. The 
average amount of time the solids reside in an anaerobic reactor is called solids retention time 
(SRT), or mean cell residence time (MCRT). Lawrence and McCarty [1969] defined SRT as: 
SRTCe^) = Xj (3.22) 
(AX)/(At)'p 
where, 
SRT(0g) = Solids retention time, day 
Xj = Total active biomass (MLVSS) in the reactor, mg/L 
(AX) = Daily amount of active biomass withdrawn from the system 
which includes solids purposely wasted plus those lost in the 
effluent 
(At)-j- = Time interval for biomass wastage, time 
McCarty [1964d] presented the minimum and suggested SRT for anaerobic treatment 
for different temperatures. He states that efficiency of treatment is low and process depend­
ability is poor at the minimum SRT. His suggested SRTs for different temperatures are 
presented in Table 14. 
b. Hydraulic retention time (HR'n The hydraulic retention time (HRT) is defined 
as the length of time required to treat a waste volume that is equal to the volume of the 
reactor used. It is also the average amount of time a particle of substrate ^^dll remain in a 
reactor. A short HRT system means that more wastewater is pushed through the system per 
day in comparison to a long HRT system. The hydraulic retention time is given by the 
expression; 
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Table 14. Suggested solids retention time for the design of a complete-mix anaerobic reactor 
[McCarty, 1964d] 
Operating Temperature Suggested Solids Retention Times for Design 
Da^s 
65(18.8) 28 
75 (24) 20 
85 (29) 14 
95 (35) 10 
105 (41) 10 
HRT(e) = _V (3.23) 
Q  
where, 
V = Volume of the reactor, L 
Q = Substrate (influent) flowrate, L/time 
Equation 3.23 shows that a system which operates at longer HRT requires larger 
reactor volume for the treatment of a ^ven flow of wastewater than a system which operates 
at shorter HRT. Therefore, an economical system should be able to provide efficient 
treatment at short HRTs. 
c. Organic concentration and its loading rate fOLR) The fundamentals of 
microbiologyy and biokinetics show that the amount and type of food (substrate) plays an 
important role in the mass and rate of microbial growth. Figure 14a shows that when microb 
iai growth is limited by low concentrations of required nutrients, the final net growth or yield 
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of cells increases with the initial amount of the limited nutrient present. Figure 14b shows that 
the rate of growth also increases with nutrient concentration, but in a hyperbolic manner. The 
shape of Figure 14b reflects the rate of nutrient uptake by microbial transport proteins. That 
is, at sufficiently high nutrient levels the transport systems are saturated, and the growth rate 
does not rise further with increasing nutrient concentration [Prescott et al., 1990], The 
important point about Figure 14a in relation to the treatment of low strength wastewater is 
that, the total growth of biomass is less at low substrate concentration than at high substrate 
concentration. Secondly, the rate of microbial metabolism is low at low substrate concentra­
tion due to poor contact between the biomass and substrate. 
Generally, low organic concentration in wastewater, is associated with poor diffusion 
of organic mater into the cell walls of bacteria resulting in low levels of organic removals. 
Therefore, an effective anaerobic treatment system for low-strength wastewaters is one wluch 
can hold high biomass population. The high biomass population will foster close proximity 
between the substrate and the biomass resulting in efficient treatment. The reactor systems 
which have been found to possess high biomass holding capability are the high-rate anaerobic 
reactors, such as the ASBR. 
Low substrate concentration is also associated with low gas production due to low 
organic matter content in the wastewater avdlable for microbial metabolism and subsequent 
conversion to biogass. Because of the low gas production from anaerobic treatment of low 
strength wastewater, it is highly necessary that the anaerobic reactor used be capable of 
providing efficient treatment at ambient temperatures since the methane produced fi'om low 
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Nutrimt concentration 
(a) 
Nutrient concentration 
(b) 
Figure 14. Effect of nutrient concentration on growth of microbes, (a) The eflfect of changes 
in limiting nutrient concentration on total microbial yield, (h) The effect on growth 
rate [Prescott et al., 1990] 
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strength wastewater treatment may not be sufBcient for heating the reactor. In addition, Sanz 
providing efficient treatment at ambient temperatures since the methane produced from low 
strength wastewater treatment may not be sufficient for heating the reactor. In addition, Sanz 
and Fdz-Polanco, [1989] reported that the solubility of CO2 and methane affects gas 
production rates in anaerobic systems. They reported a 33% loss of methane when treating a 
400 mg/L COD wastewater and 66% loss when treating a 200 mg/L COD wastewater due to 
solubility of methane at 20°C. This finding shows low levels of available methane from the 
treatment of low strength wastewater, especially at lower temperatures and the need for 
efficient reactors which can operate at ambient temperatures without the requirements for 
external heating. 
The rate at which substrate enters a reactor is known as the organic loading rate 
(OLR). This is actually the substrate concentration divided by the HRT and is expressed in 
grams of substrate (COD or BOD) per liter of reactor volume per day (g/L/day). Therefore, 
organic loading rate is the mass of pollutant that is pushed through one liter of reactor volume 
per day. For a low strength wastewater, a short HRT system is required to increase pollut­
ants' load pushed through a reactor. 
Although the OLR is a rate at which substrate enters the reactor, this rate may be 
different from the rate at which microorganisms are in contact with the substrate. This 
condition occurs when a reactor is poorly mixed which leads to the development of pockets of 
substrate where some parts of the reactor see a lot of substrate and the other parts see very 
little or no substrate. 
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Another importance of substrate concentration in biological waste treatment relates to 
the substrate removal efficiency. The objective of anaerobic treatment of organic wastes is to 
achieve stabilization by converting the organic waste to methane. In the absence of exoge-
nous oxidants such as O2, N03", H2O2 and SO4 , the COD of the substrate entering the 
anaerobic reactor is the same as the COD leaving the reactor. However, the exit COD is 
composed of COD in the effluent, COD converted to new cells and COD converted to 
methane gas, and CO2. Because a maximum of about 15% of COD entering a anaerobic 
reactor is converted to new cells, the minimum COD converted to biogas is about 85%. 
To calculate the efficiency of a biological process, the following expression is used; 
E = ^(100) (3.24) 
So 
where, 
E = Process efficiency, % 
Sq = Influent substrate concentration 
S = Effluent substrate concentration 
100 = A factor used to change fraction to percentage 
The percent removal (E) usually increases with increase in substrate concentration, 
especially with constant effluent substrate concentration. 
The effect of substrate concentration on substrate removal is also shown by the 
fundamental equation of substrate utilization in a biological reactor. According to Lawrence 
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and McCarty (1970), there are two basic equations that adequately describe anaerobic 
biological treatment. 
The first equation, known as the Monod equation, describes the rate of substrate 
utilization and is given by the equation; 
dS = SX = KSX (3.25) 
dt Y Kg+S Kj+S 
where, 
K = _0_ = Maximum specific substrate utilization rate, that is, the maximum 
Y rate of substrate utilization per unit of biomass, 1/t 
dS = Overall substrate utilization rate, g/L/t 
dt 
S = Substrate concentration surrounding the biomass, g/L, or mg/L 
Kg = Saturation constant which has a value equal to the substrate concentra­
tion when (dS/dt)/X = 0.5K, g/L 
X = Active biomass concentration, g/L 
For proper values of S and Equation 3.25 reduces to: 
^ = X X for S > > Kg (3.26) 
dt Y 
^  = X2«forKg>>S (3.27)  
dt Y Kg 
The relationship between substrate concentration and substrate removal rate is 
illustrated in Figure 15. Figure 15 shows that substrate removal rate is low at low substrate 
concentration. 
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Figure 15. Relationship between substrate concentration and substrate utilization 
[Benefield and Randall, 1980]. 
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The second equation describes the growth of microorganism. This equation is given 
by: 
(  d x )  =  y(  dS ) -KjjX (3.28) 
dt dt 
where, 
dX = Biomass growth rate, mass/volume-time 
dt 
dS = Substrate utilization rate, mass/volume-time 
dt 
X = Biomass concentration, mass/volume 
Y = Biomass yield, mass of biomass/mass of substrate 
= Biomass endogenous decay rate, 1/time 
Combining Equations 3.25 and 3.28 results in the following expression; 
dX/dt = Y KS -Kj  (3.29)  
X vs 
or 
u =  Y KS -Kj= uS -Kj  (3.30)  
VS vs 
where, 
H = specific growth rate of biomass, 1/time 
Because the specific growth rate of biomass is the universe of the biological solids 
retention time. Equation 3.29 takes the form; 
J_  = Y^S_-Kj  = _f iS_-K.  (3 .31)  
SRT Kg+S Kg+S 
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The relationship between substrate concentration and biomass growth rate (Equation 
3.30) is illustrated in Figure 16. Figure 16 shows that less biomass is produced at low sub­
strate concentration. 
Lawrence and McCarty [1970] also present kinetic coefficient for some wastewater, 
including synthetic milk waste as shown in Table 15. 
Table 15. Kinetic coefficient for anaerobic treatment of some wastewater [Lawrence and 
McCarty, 1970] 
Waste Utilization Growth CoefTlcient 
Study 
Temperature 
Waste Composition A 
1/day 
Ks 
mg/LCOD 
Y 
Ib/VSS/lb 
COD 
Kd 
1/day 
®C 
Dextrose, tryptone, 
beef extract 
.37 5,660 0.18 0.0247 38 
Dextrose, tryptone, 
beef extract 
1.07 12,000 0.104 0.020 38 
Dextrose, tryptone, 
beef extract 
Acid production — — 0.54 0.87 38 
Methance 
production 
— 0.14 0.02 38 
Packinghouse waste 0.32 5.5 0.76 0.17 35 
Synthetic milk waste 0.38 24.3 0.37 0.07 20-25 
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Figure 16. Relationship between substrate concentration and specific growth rate of biomass 
[Benefield and Randall, 1980] 
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d. Food to microorganisms ratio. (FfM\ ratio Food to microorganism, (F/M) 
ratio is the substrate load applied to the reactor per unit of biomass in the reactor, and is given 
by [Metcalf and Eddy, 1991]: 
F/M=_So.  (3 .32)  
ex 
where, 
F/M = Food-to-microorganism ratio, 1/day 
Sq = Influent BOD or COD concentration, mg/L (g/m^). 
0 = Hydraulic detention time, day. (0 = V) 
Q  
X = Concentration of MLVSS, mg/L, (gfn?). 
V = volume of reactor, m^ or L (gallons). 
Q = Influent wastewater flowrate m^/day. 
According to Davis and Comwell [1991], a high F/M ratio means that the MLVSS are 
saturated with food which results in poor efficiency. A low F/M ratio results in organisms 
(MLVSS) that are starved and therefore results in complete degradation of wastes. They 
point out that a high F/M ratio corresponds to a short SRT while a low F/M ratio corresponds 
to a long SRT. They also indicate that F/M values typically range from 0.1 to 1.0 for efficient 
treatment. 
The importance of F/M ratio in anaerobic treatment was reported by Dague in the 
1960s when it was reported that flocculation of biomass and settleability is achieved at low 
F/M ratios (Dague, 1966,1967). 
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C. High-Rate Anaerobic Reactors 
1. Introduction 
The ability of an anaerobic reactor to retain high level of biomass population has 
resulted in what is known as the "high-rate anaerobic reactor". High-rate anaerobic reactor 
include the anaerobic contact process, the anaerobic filter, the anaerobic upflow sludge 
blanket reactor, the anaerobic expanded bed reactor, the anaerobic fluidized bed reactor and 
the anaerobic sequencing batch reactor (ASBR). Typical MLVSS concentration range fi-om 
30,000 to 50,000 mg/L for the UASB, 6,000 to 20,000 mg/L for the anaerobic fiher, and 
10,000 to 40,000 mg/L for expanded/fluidized bed anaerobic reactors [Weiland and Rozzi, 
1991], 
According to Iza et al. (1991), the concept of high-rate anaerobic reactors is based on 
three fundamental aspects: 
1. "Accumulation, within the reactor, of biomass by means of settling, attachment to 
solids (fixed or mobile), or by recirculation. Such systems allow the retention of 
slowly growing microorganisms by ensuring that the mean solids retention time 
becomes much longer than the mean hydraulic retention time". 
2. Improved contact between biomass and wastewater, overcoming problems of 
diffusion of substrates and products fi-om bulk liquid to biofilms or granules". 
3. Enhanced activity of the biomass, due to adaptation and growth". 
Therefore, high-rate anaerobic reactors are able to decouple solids retention time 
(SRT) fi-om hydraulic retention time (HRT) due to their ability to retain high population of 
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biological solids within the system. The various biomass retention technique used by the 
different high-rate anaerobic reactors reported by HulshofifPol and Lettinga [1986] are listed 
m Table 16. 
2. Sludge settleability and granulation in high-rate anaerobic reactors 
There are two general methods of microbial immobilization in high-rate anaerobic 
reactors. These methods are presented in Table 16. The first method is based on microbial 
sludge attachment to either stationary packing materials or particulate carrier materials. The 
second method is due to bacterial sludge aggregation to each other. This second method has 
received considerable attention in the literature due to high performance of some high-rate 
reactors which possess the ability to foster bacterial sludge aggregation. 
The state of biomass in a biological reactor may be grouped into three classifications in 
relation to adhesion of microorganisms to each other. One of the three groups is the dis­
persed biomass which has little or no adhesion and therefore does not settle well. Because 
disperse biomass does not settle well, the effluent from a biological reactor containing dis­
persed microorganisms is usually turbid due to suspended solids. Operations of a biological 
reactor containing dispersed biomass usually results in a failure of the system due to biomass 
washout. The second group is the fiocculent biomass which is a conglomeration of bacteria 
and other particles resulting in a loose structure. Settling in a biological reactor containing 
fiocculent biomass is characterized by the formation of a phase separation zone which moves 
downward as the biomass settles leaving clear effluent at the top. The third group is called 
granular biomass which is a conglomeration of bacteria resulting fi'om the adhesion of bacteria 
70 
Table 16. Immobilization principles applied in modem high-rate anaerobic treatment system 
[HulshoffPol and Lettinga, 1986] 
Immobilization Principle 
Treatment System 
(Type of reactor) 
1. Bacteria Sludge attachment 
a. to stationary packing material 
(attached film) 
b. to particulate carrier material 
(attached film) 
2. Bacterial Sludge aggregation reactors (UASB) 
upflow anaerobic filter (AF) 
downflow anaerobic filter (AFF) 
fluidized bed reactor (FB) 
anaerobic expanded bed reactors 
(AAFEB) 
floating bed systems 
anaerobic gas lift reactor (AGLR) 
Upfiow anaerobic sludge blanket 
upflow anaerobic filter (AF) 
anaerobic baffled reactor (ABF) 
Anaerobic Sequencing batch reactor 
(ASBR)^ 
^Not included in HulshoffPol and Lettinga's [1986] list. 
to one another as well as to organic and inorganic particles in the reactor forming a well 
defined structure. The structure of granular biomass is usually spherical in shape and is 
characterized by discrete and rapid settling. The development of granular biomass is 
important in anaerobic treatment because of its rapid settling and high activity. 
Recent granulation phenomena and its importance in anaerobic treatment are attributed 
to research studies using the upflow anaerobic sludge blanket (USAB) reactor. HulshoffPol 
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et al. [1983] summarized some of the factors affecting granulation in high-rate anaerobic 
reactors. The factors are; 
1. Environmental conditions, such as availability of nutrients, temperature, pH and 
composition of wastewater. 
2. Type of seed sludge, ie. with respect to its specific activity, its settleability and the 
nature of inert fraction. 
3. The process conditions applied during start-up, such as loading rate and the 
amount of seed sludge. 
In their research on granulation in the UASB, HulshofFPol et al., [1983] noted three 
phases in the granulation process in regards to system organic loading rate: No granulation 
was noted in Phase 1 which was defined as a system having organic loading rates of 2 Kg 
COD/m-'/day (2g/L/d) or less. Phase II was defined as systems with organic loading rates of 
2-5 Kg COD/m^/day (2-5 g/L/day). They defined this phase as the wash-out phase of lighter 
suspended solids which promotes a selection of the heavier fraction of the sludge in the 
reactor. Phase III (organic loading rate >3-5 Kg COD/m^/day) is marked by increase of 
granular growth. However, Dague [1967] achieved granulation in an anaerobic activated 
sludge reactor at organic loading rates of less than 2/g/L/day. 
Organic loading rate is only one of the factors affecting the development of granulation 
in high-rate anaerobic reactors. According to Dolfing [1986] the mechanism of granulation is 
not completely known, however, the development of granulation shows that the high-rate 
reactor can select well settling sludges, thus allowing for easy system operation and high 
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performance. Studies have shown that the granules in anaerobic reactors are composed of 
various species of methane forming bacteria. 
Transmission electron microscopy analysis of granules by Dolfing [1986] has shown 
the presence of large percentages ofMethanothrix - like organisms with wide variety of 
bacterial morphotypes. Other methanogenic bacteria identified in methanogenic granules 
includes Methanosarcina. Methanospirillum and Methanothrix - Soehngenic (filamentous 
granules) [Dolfing, 1986; HulshoffPol et al., 1983], 
3. High-Rate Anaerobic Reactor Treatment of Low-Strength Wastewaters 
a. Introduction Anaerobic treatment has been revolutioiuzed by the development 
of high-rate anaerobic reactors. Most of the problems encountered with the conventional 
continuous flow stirred tank reactor have been eliminated with the development of high-rate 
anaerobic reactors due to their high solids holding capacity. McCarty (1968) presented the 
following points about high-rate anaerobic reactors; 
1. Treatment of relatively dilute soluble is feasible 
2. Highly efficient treatment can be obtained at lower temperature 
3. The system is stable and readily responds to changes in organic or hydraulic 
loading, as well as to changes in temperature. 
Additionally, HulshoffPol and Lettinga [1986] reported that the important features of 
high-rate anaerobic processes are; 
1. Anaerobic treatment becomes feasible at low ambient temperatures. 
2. Very low strength wastes can be treated efficiently. 
3. Compact installation can be applied. 
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4. Reactors are generally simple (and low cost) in construction. 
5. There are generally little operational and maintenance costs. 
6. The process is applicable at very small and veiy large scales. 
7. There is a high resistance to shock loads and environmental stress situations. 
The features possessed by the high-rate anaerobic processes have resulted in increasing 
application of anaerobic systems as efficient and energy producing process as well as energy 
and cost saving treatment systems. The treatment of low strength wastewater is an area of 
application of the anaerobic process which has been made possible due to the development of 
high-rate anaerobic processes. 
Various descriptions have been documented to define the strength of wastewaters in 
relation to anaerobic treatment. A recent paper by Mergaert et al. [1992] and papers by 
Rockey and Foster [1982], Jewell et al. [1981], Switzenbaum and Jewell [1980], and 
Pretorius [1971, 1972] define low-strength wastewaters as those having COD values of 1000 
mg/L or less. In the past, anaerobic methanogenic processes have not been considered 
appropriate for the treatment of low-strength wastewaters (COD < 1,000 mg/L). Low-
strength wastewaters pose a special problem associated with the fact that at lower concentra­
tions of substrate the diffusion rate of substrate to the biomass (the rate-driving force) will be 
lower. The problem becomes more pronounced when biomass population is low, as in 
conventional continuous stirred tank anaerobic reactor. Therefore, an anaerobic process 
which can overcome these problems by fostering close proximity between biomass and 
substrate is a system that is able to retain high populations of biomass and selects microbes 
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which are able to grow at low substrate concentrations. In addition, the anaerobic process has 
been found to be unsuitable for the treatment of high sulfate bearing wastewaters, as dis­
cussed earlier. 
Anaerobic treatment of low strength wastewaters is now feasible due to the develop­
ment of high-rate reactors. Full scale applications are presently operating in tropical countries 
such as Brazil [Gomes, 1985; Souza, 1986; Vieira and Sonza, 1986], Colombia [Schellinkhout 
and Collazos, 1992], and India [Draaijer et al., 1992]. 
Reports on anaerobic treatment of low strength wastewaters in high-rate anaerobic 
reactors will now be briefly reviewed. 
b. The anaerobic contact process treatment oflow-strength wastewaters 
i. Development As stated earlier, Fullen [1953] developed an anaerobic process 
for the treatment of packing house waste in the early 1950s. This process was later called 
"the anaerobic contact process" [Schroepfer et al., 1955; Schroepfer and Ziemke, 1959a, 
1959b]. A schematic of an anaerobic contact process is presented in Figure 17. 
ii. Pilot plant studies Schroepfer and Ziemke [1959a] reported on pilot plant 
applications of the anaerobic contact process for the treatment of various types of wastes 
which included; packing plant wastes, synthetic milk waste, fatty acid waste, wood fiber 
waste, and domestic sewage. 
At 35°C, BOD5 removal for synthetic milk ranged fi-om 86% to 99.1% at influent 
BOD5 ranging from 231 to 1354 mg/L, BOD^ loading rate ranging fi-om 0.77 to 4.42 
Gas 
Figure 17. Schematic of the anaerobic contact process [Metcalf and Eddy, 1991] 
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g/L/day, contact unit HRT ranging from 7.2 to 7.35 hrs and sludge ages ranging from 8.85 to 
3.76 days. At the same temperature of 35^C, BOD^ removal for domestic sewage ranged 
from 74.5% at influent BOD5 of243 mg/L, BOD5 loading rate of 2.3 g/L/day, contact unit 
HRT of 2.53 hours, and sludge age of 11.2 days to 69.6% at influent BOD^ of 221 mg/L, 
BOD^ loading rate of 1.35 g/L/day, contact unit HRT of 3.94 hours, and sludge age of 12.5 
days. At 25°C, BOD5 removal efficiency for milk waste ranged from 73.2% at influent 
BOD5 of646 mg/L, BOD^ loading rate of 1.66 g/L/day, contact unit HRT of 9.34 hours, and 
a sludge age of 7.6 days to 100% at influent BOD^ of 107 mg/L, BOD^ loading rate of 0.31 
gl/L/day, contact unit HRT of 8.32 hours and sludge age of 24.7 days. 
Simpson [1971] reported a successful pilot plant treatment of municipal liquid waste in 
the anaerobic contact process. The wastes consisted of 80% industrial origin and 20% 
domestic sewage. The waste strength ranged from 1100 to 1300 mg/L COD (300-400 mg/L 
BOD). The pilot plant consisted of a 3000 gallon (11,356 liters) storage tank, 370 gallon 
(1,400 liters) anaerobic contact tank followed by two 100 gallon (385 liters) settling tanks. 
The highest COD and BOD removal achieved was of 78% and 91%, respectively, at 26.7°C 
under a moderate loading of0.037 lb BOD or 0.122 lb COD/ft^ day (0.59 g BOD/L/day or 
1.954 g COD/L/day). 
iii. Full scale application Steffen [1955] reported on the first full-scale anaerobic 
contact process for the treatment of meat packing wastes for the Wilson Meat Company at 
Albert Lea, Minnesota. 
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The second full scale application of the anaerobic contact process as a component of 
wastewater treatment plant was reported by Fall and Kraus [1961]. The plant was built at a 
suburban section of Peoria, Illinois. The plant was designed for 3S0 homes (1,270 people). 
BOD^ from the homes averaged about 242 mg/L, (S2S mg/L COD). The suspended solids 
concentration was 368 mg/L TSS and 2S0 mg/L VSS. After 20 months of operation at a 
detention time of 22.4 hrs, data analysis showed that the anaerobic contact process functioned 
best during the winter months (45°F - 60°F or 8.3°C - 15°C) with a BOD removal of 42%. 
During the summer months (65°F - 71®F or 18.3°C - 21.7°C), the BOD removal averaged 
14%. The cause of low efficiency of BOD removal during the summer months was said to be 
excess acids in the digester. Suspended solids removal were good at an average of 77% as 
compared to 60% obtained from Imhofif tanks, the alternate system at that time. 
Kida et al. (1991) reported resuhs of a study which compared efficiency of the 
anaerobic contact process, the upflow anaerobic sludge blanket (UASB), the anaerobic filter, 
and the anaerobic fluidized bed reactor (AFBR) for the treatment of low strength synthetic 
wastewater at 37°C. They found that a sludge recycling process (that is the anaerobic 
contact process) was unsuitable for the treatment of wastewater having TOC concentration of 
less than 2000 mg/L. However their study found that both the UASB and the AFBR were 
able to achieve TOC removal efficiency of 80% for the lowest-strength wastewater (TOC of 
100 mg/L, which corresponded to a BOD of 250 mg/L). They also found that even at IS^C, 
the AFBR was able to achieve 80% removals at the lowest substrate concentration and at 
HRT of three hours. 
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c. Anaerobic filter treatment of low-strength wastewaters 
i. Development According to Jewell [1987], the first anaerobic filter was 
developed in 1891 by Scott-Moncneff, and the first rock-filled upfiow filter was initially tested 
in 1910. Coulter, Soneda and Ettinger [1956] also presented results of laboratory studies for 
the treatment of sewage in a rock-filled anaerobic filter. 
The modem anaerobic filter illustrated in Figure 18 was reported by Young and 
McCarty [1969]. They reported on a completely submerged, 12 liter laboratory-scale reactor 
which was filled with 1.0 to 1.5 inch quartzite stone (porosity of 0.42). The reactors were 
continuously feed at 25°C. Their substrate consisted of a mixture of protein and carbohy­
drates, and a mixture of acetic and propionic acids. Waste strength ranged fi'om 1,500 to 
6,000 mg/L at hydraulic retention times (HRTs) of 4.5 to 72 hours, result in organic loadings 
of 0.43 to 3.40 g COD/L/day. COD removal efficiency ranged fi-om 93.4% at 72 hours HRT 
and 0.43 g COD/L/day loadings to a low of 36.7% 4.5 hours HRT and 3.4 g COD/IVday 
loading. 
Based on the resuUs fi'om the initial studies with the modem anaerobic filter, Young 
and McCarty noted the following; 
1. The anaerobic filter is ideal for the treatment of soluble wastewaters. 
2. Accumulation of biological solids in the anaerobic filter leads to long solids 
retention times (SRTs) and low effluent total suspended solids (TSS). 
3. Because of the long SRTs, low strength wastes were successfiilly treated at a 
temperature of 25°C. 
Gas 
Upfiow packed bad 
Feed 
• 
Gas 
o VO 
Oownflow packed bed 
Figure 18. Schematic of the anaerobic filter (packed bed) reactor [Metcalf and Eddy, 1991] 
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ii. Laboratory studies In addition to the initial studies by Young and McCarty 
[1969], Raman and Khan [1978] reported on laboratory scale anaerobic filter treatment of 
domestic sewage. Broken stones of 2 cm to 2.S cm diameter were used as filter media which 
resulted in a reactor volume capable of treating 30 liters per day at five hours detention time. 
Settled sewage was used as substrate at temperatures of 2S°C to 32°C. Performance data 
showed BOD removals ranging fi'om 80 to 83% and suspended solids removals ranging fi'om 
80 to 86%. 
Kobayashi, Steustrom and Mah [1983] reported on the anaerobic filter treatment of 
domestic wastewater. Their reactor set-up utilized PVC packing material having a porosity 
of 97%. The packed column had a void volume of 4.4 gallons (16.7 liters). Treatment studies 
were done at temperatures of 35°C, 25°C and 20°C. Substrate was pumped into the reactor 
at a rate of 11 ml/min which gave a packed contact bed time of one day. Influent COD 
concentrations ranged between 77 to 1170 mg/L (44-573 mg/L BOD), which resulted in 
organic loading rates of0.048 to 0.54 g BOD/L day (0.084-1.11 g COD/L/day). Twenty-nine 
percent COD removal (70% BOD removal) was observed at influent COD of 77 mg/L (44 
mg/L BOD) as compared to 83% COD (90% BOD) removal at an influent COD of 1170 
mg/L (573 mg/L BOD). Gas production ranged from a low of 150 ml/day to over 1500 
ml/day. The BOD^ and COD removal and gas production were reported to be almost the 
same at 35°C and 25°C. Based on average data, wastewater strength was at 288 mg/L 
resulting at organic loading rate of 0.288 g/l/day COD and average COD removed of 78%, 
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iii. Pilot plant studies Raman and Khan [1978] reported on the treatment of 
sewage and septic tank efiluent using three pilot plant anaerobic filters. One plant was located 
at NEERI campus at Nagpur, India, for raw sewage treatment. The other plants were located 
at a village near Singur, West Bengal, India to treat efiQuent fi'om septic tanks. 
A pilot-scale anaerobic filter treatment of low strength municipal wastewater was 
reported by Genung et al. [1978,1982,1985]. The 1985 paper reported on a project 
sponsored by the U.S. Department of Energy. A190 m^/day or 50,200 gal/day reactor was 
located at Knoxville, Tennessee. The reactor dimensions were 4.9 m (16 ft) in diameter, and 
5.4 m (18 ft.) high with a 3m (10 ft.) high packed section. A 3m section was packed with 3-in 
polypropylene pall rings. About 7.5m^ was allowed for head space above the normal liquid 
volume. The plant was operated for 800 days during August 1981 to October 1983. The 800 
days were divided into five study periods as follows: 
1. Start-up (days 0-421) 
2. Decreasing temperatures (days 422-482) 
3. Ambient cold weather (days 483-587) 
4. Increasing temperature (days 589-695). 
5. High-strength wastewater (days 696-756). 
Temperature of the incoming sewage could be raised using a feed preheater up to 
25®C, however the monthly averages of feed wastewater ranged fi-om a low of 12°C to a high 
of 27^C. Feed fiow rates into the reactor were gradually increased until the nominal design 
level of 135 L/min (50,000 gal/day) was reached. Pollutant loading rates ranged ftom 0.1 to 
0.7 kg/m^ day (0.1 to 0.7 g/L day) TSS and fi-om 0.1 to 0.4 k/gm^ day (0.1 to 0.4 g/day) 
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BOD. TSS removal eflSciencies were 78 to 93% at loading rates in the range of 0.12 to 0.73 
kg/m^ day and was found to be insensitive to temperature change. Removal efSciencies of 63 
to 70% were observed for BOD at loading rates of 0.13 to 0.40 kg/m^ day and 50 to 70% 
COD removal at loading rates of 0.3 S to 1.2 kg/m^ day. 
Based on the result of the pilot plant studies, it was recommended that the system 
should be attractive to small communities for treatment of low-volume sewage flow of about 
50,000 to 750,000 gpd. 
Other pilot plant studies on the use of the anaerobic filters for sewage treatment were 
done in the state of Parana, Brazil [Gomes, 1985]. The studies started in 1980 and involved; 
1. The use of anaerobic filter for the treatment of septic tank effluents, 
2. Use of Imhoffs type tanks followed by the UASB, and 
3. The use of UASB reactor with just 2 to 3 hours HRT for primary level treatment. 
The pilot plants which utilized anaerobic filters for the treatment of septic tank effluent 
showed about 80% BOD^ removal but the anaerobic filter pilot plants started clogging the 
media and their operation (which would involve occasional cleaning of the media) was found 
to be too expensive, so the anaerobic filters were abandoned. 
d. UASB reactor treatment of low-strength wastewaters 
i. Development According to Jewell [1987], the first upflow anaerobic sludge 
blanket (UASB), the biolytic tank, was used by Winslow and Phelps in 1910. The anaerobic 
sludge blanket reactor was used again in the 1950's [Coulter, Soneda and Ettinger, 1956, 
1957]. 
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Modem application of the UASB reactor illustrated in Figure 19 is attributed to the 
1970s studies by Lettinga and co-workers in the Netherlands [Jewell, 1987], A report on the 
UASB was published by Lettinga, van Velsen, Hobma, Zeeuw and Klapwijk [1980], which 
showed treatment results of some laboratory and pilot plant studies that started in 1971. 
These studies utilized various types of wastewaters having influent COD concentration 
ranging from 1500 to 10,000 mg/L, organic loading rates ranging from 4 to 14 kg/m^/day and 
HRTs of 5 to 48 hours. Results showed COD removals ranging from 65 to 97% at various 
temperatures. 
ii. Laboratorv studies All of the reports found on UASB reactor treatment by 
Lettinga and his research group are based on results from pilot plant and full scale plants. 
However, a laboratory study of the UASB treatment of municipal sewage was conducted in 
Spain by Sanz and Fdz-Polanco [1989]. The laboratory study made use of a 5.2 cm diameter 
reactor having a total volume of 1.42 liters. Domestic sewage having a COD of 150 to 590 
mg/L, BOD5 of 325 mg/L, and TSS of 190 mg/L was used as substrate. Studies were 
conducted at room temperature with fluctuations ranging from a 15°C to 25°C. Tempera­
tures as low as 9°C were occasionally recorded. Organic loading rate ranged from 0.5 to 4.5 
g COD/L/day. Hydraulic retention times ranged from 2.6 to 7.2 hours, based on an active 
reactor volume of 0.40 liters. Results of the study showed occasional drops in percent COD 
removal at higher organic loadings with COD removal ranging from about 50 to 90%. 
iii. Pilot plant studies Lettinga et al. [1981,1983] reported the results of a 120 
liter pilot plant UASB reactor treatment of domestic sewage. The reactor was seeded with 75 
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Figure 19. Schematic of the upflow anaerobic sludge blanket reactor [Metcalf and Eddy, 1991] 
85 
liters of granular type anaerobic sludge which was cultivated on a sugar beet wastewater. The 
reactor was kept at 15°C [Lettinga et al., 1981]. Results obtained during the first year of 
study showed 65 to 85% COD reduction (based on filtered efiQuent and unfiltered influent) at 
48 to 8 hours HRT and at ambient temperature of the sewage (7 to 12°C at winter time and 
20°C at summer time condition). During severe runfall and the consequent high dilution of 
the sewage, COD removal was between 50 and 75%. Results also showed that 65 to 75% of 
the COD removed was converted to methane. Gas production was sensitive to temperature 
changes. For example, average gas production was 220 L/Kg COD during summer compared 
to 135 L/Kg COD during winter. 
Another UASB pilot plant treatment of sewage using a 6 m^ (6000 liters) reactor was 
also reported by Lettinga et al. [1983]. The study started fi'om October 1979 to March 1980. 
The seed sludge for this pilot plant was 3 m^ (3000 liters) of non-granular sludge. The study 
was conducted at 20°C to evaluate the use of UASB reactor for sewage treatment under 
tropical conditions. During dry weather conditions, COD removal ranged fi'om 55 to 75% but 
fell to about 30% during rainy weather conditions. The reactor biomass was changed in 1981 
to granular sludge which resuhed in additional COD removal of 38 to 40% at both dry and 
rainy weather conditions in comparison to the results obtained fiom non-granular seed. 
Results of the 6000 liter pilot plant reactor for 1982 to 1983 operation was reported by 
Grin, Roersma and Lettinga [1983a, 1983b, 1985]. COD and TSS of the raw sewage ranged 
between 100 to 900 mg/L and 10 to 700 mg/L, respectively. Treatment was done at 8 hrs 
HRT and at temperatures of 19 to 15°C, 12 to 11°C, and 10 to 9.5°C. Between 20°C and 
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14°C, the COD removal was hardly influenced by the decrease in temperature. Between 
14°C and lO^C, the soluble (dissolved) COD removal efficiency was slightly lower than 
observed at above 14°C. It was observed that at a temperature below 10®C the amount of 
suspended solids in the effluent exceeded 200 mg/L at influent COD of 500-600 mg/L. With 
COD removal of 60 to 80%, the UASB study was said to be satisfactory but further treat­
ment, such as aerobic post-treatment, for meeting COD discharge requirements and for the 
removal of nitrogenous compounds was recommended [Lettinga et al., 1983]. 
Kiriyama et al. [1992] report on a 76.7 m^ (76,700 liters) pilot plant UASB reactor in 
Japan which was operated at a hydraulic retention time of 1.8 hours. The reactor was seeded 
with 30.4 m (30,400 liters) of granula sludge which was imported from the Netherlands. The 
system was used for treating domestic sewage which had BOD concentrations ranging fi'om 
154 to 166 mg/L. The reactor start up was at 35°C, but the reported data was obtained at 
temperatures of 27.5°C, 23.9°C and 12.4°C. Temperature changes were accomplished by a 
drop of 2°C every four days. Duration of studies at each temperature was August 9 - August 
27 (18 days) at 27.5°C, September 12 to October 15 (33 days) at 23.9°C and December 21 
to January 24 (34 days) at 12.4°C. The reported BOD removal was 73.3% at 27.5°C, 79.7% 
at 23.9°C and 70.5% at 12A°C. 
Van der Last and Lettinga [1992] reported on pilot plant treatment of domestic sewage 
using the UASB reactor which were operated under expanded bed and fluidized bed condi­
tions. The experiments were motivated by poor performance of up-scaled (6,000 and 20,000 
liters) UASB sewage treatment using granular sludge at temperatures below lO^C. The poor 
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performance was attributed to poor sludge water contact and decreased hydrolysis and 
removal of suspended solids. 
The expanded UASB study was conducted using a 120 liter pilot scale reactor having 
superficial liquid velocity in the range of 4 to 8 m/hr. The reactor was seeded with 54 liters of 
granular sludge. The sewage treated was presettled domestic sewage whose temperature 
ranged from 15 to 20°C in the summer and 6 to 9°C in the wbter. Total COD of the settled 
sewage ranged fi'om 120 to 391 mg/L with soluble COD ranging fi-om 77 to 291 mg/L. 
During dry weather conditions, COD removal ranged from a low of 30% to a high of 93%. 
At semi-diy conditions, COD removal efficiency ranged fi'om 31% to 80% and between 18% 
to 41% at wet weather conditions. 
The fluidized UASB study was conducted in a 205 liter pilot scale reactor using a 
superficial liquid velocity of 24 m/h at the same temperature ranges and sewage strength as in 
the expanded USAB study. The fluidized bed pilot plant performance was poor in compari­
son to the expanded bed UASB. It was concluded that it did not offer any prospect for 
sewage treatment because of excessive volatile acids in the reactor which made the fluidized 
UASB act as a pre-acidification reactor [Van der Last and Lettinga, 1992]. 
iv. Full scale application The most extensive report on the application of 
anaerobic processes for low strength waste (sewage) treatment came from numerous pilot 
studies in Brazil [Gomes, 1985; Souza, 1986; Vieira and Souza, 1986; Vieira and Garcia, 
1992]. The studies started in the early 1980's and initially made use of both UASB and the 
anaerobic filter. The anaerobic filters were abandoned in the early 1980's due to clogging 
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problems. By 1985, there were about 20 anaerobic pilot plants for sewage treatment in Brasl 
[Gomes, 1985]. The first full scale UASB plant for sewage treatment in Brazil was reported 
by Vieira and Souza [1986]. They also reported on the construction of a 120m^ (120,000 
liters) full scale reactor at Sao Paulo, Brazil, for sewage treatment. The performance of the 
full scale plant was again reported by Viera and Garcia [1992]. Removal e£5ciency during the 
years of operation ranged from 54% to 65% for total COD, 74% to 84% for soluble COD, 
60% to 72% for BOD, 62% to 76% for TSS and a methane yield of 0.09 to 0.15 m^/kg COD. 
The system is considered to be a success. No heating is required at the ambient temperature 
of 15^C and above. However, the effluent is discharged into a stabilization pond for 
polishing. 
Draaijer, Maas, Schaapman and Khan [1992] reported on a 1200m^ (1,200,000 liters) 
UASB reactor for sewage treatment. The full scale plant which has been in operation since 
April 1989 is located at Kanpur, India. Sewage to the plant has an average COD of 563 
mg/L, a BOD of 214 mg/L and a TSS of 418 mg/L. At the system HRT of 6 hours, the 
average reduction in COD, BOD, and TSS are 74, 75, and 75% with biogas yield of 0.05 to 
0.10 m-'/kg COD. Summarizing the performance of the plant, the state that the plant has 
constant efficiency even at a low ambient temperature of 20°C except for total gas produc­
tion. Effluent from the plant is discharged into a pond for polishing. Due to the good 
performance of the plant, the authors also reported that a 3360m^ (3,360,000 liters) fiill scale 
plant is being constructed at Mirzapur, India, which has a post-treatment system consisting of 
a pond with one day retention time. 
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Scheliinkhout and Collazos [1992] reported on a full scale USAB plant for sewage 
treatment in Columbia. The 31,000 m^/day (8MGD) plant was completed in September of 
1990 and was constructed after a four year (1983-1987) pilot plant study. The plant is 
designed for an average HRT of S.2 hours with a facultative lagoon for effluent polishing. 
The actual performance of the system is not yet available but the start-up performance 
indicates that the UASB will achieve an 8S% BOD removal. 
e. Anaerobic expanded bed reactor treatment by low-strength wastewater 
i. Development Upon the introduction of the modem anaerobic filter by 
Young and McCarty [1969], there was interest in the 1970s in developing attached biomass 
reactors that will be able to handle fine suspended solids without clogging. As a result of this 
need, the anaerobic attached-film expanded bed AAFEB (or anaerobic expanded bed reactor) 
for waste treatment was developed in 1981 by Jewell [Jewell, 1987]. A schematic of the 
anaerobic expanded bed reactor is presented in Figure 20. 
ii. Laboratorv studies Switzenbaum and Jewell [1980] reported on a 
laboratory expanded bed reactor for treatment of low strength synthetic wastewater. Three 
laboratory reactors were used, each having one liter of total volume. One hundred and sixty 
grams of support media composed of aluminum oxide having approximate diameter of 500 
micro meter and bulk density of 0.6 g/cm^ was used, which was estimated to displace a liquid 
volume of 90 ml. Hydraulic retention time varied from 6 to 0.33 hours at organic loading 
rates of 0.8 to 4.8 g COD/L/day and treatment temperatures of 10°C, 20°C and 30°C. 
During operation, the bed expanded fi-om 400 ml to SOO ml by means of effluent recycling. 
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Figure 20. Schematic of the anaerobic expanded bed reactor [Metcalf and Eddy, 1991] 
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Synthetic substrate was used in the study and comprised of glucose, yeast extract, ammonium 
chloride, monobasic potassium phosphate, dibasic potassium phosphate, and sodium bicarbon­
ate with respective concentration of 29.9,0.1, 7.5,2.5,1.0 and 55.0 g/L. The substrate was 
then diluted to give concentrations ran^g form 50 to 600 mg/L COD. The COD removal 
efficiencies obtained for six different HRTs ranging from 20 minutes to 6 hours were at a low 
of 38% to over 90%, at the various temperatures. 
Jewell, Switzenbaum and Morris [1981] reported on the anaerobic expanded bed 
reactor treatment of primary settled domestic wastewater using a one liter laboratory reactor. 
Media for biomass attachment was polyvinyl chloride particles having a diameter of 1 mm or 
less. System HRT ranged from 5 to 180 min at a treatment temperature of 20°C. Primary 
settled domestic sewage was used as substrate. The primary settled sewage had a minimum 
COD of 88 mg/L, maximum COD of206 mg/L, and an average COD of 186 mg/L. Maxi­
mum TSS was 186 mg/L, with 40 mg/L minimum TSS and average TSS of 86 mg/L. 
Organic loading rates ranged from 0.65 to 3.0 g/L/day. The studies lasted for about 200 
days. Results showed good TSS removal with effluent solids ranging from 3 to 20 mg/L. 
COD removal was higher at about 80% for 2 to 5 hours HRT. Based on the result, they 
concluded that the system was a viable alternative for the treatment of low strength waste­
waters. 
iii. Pilot plant studies Three anaerobic attached-film expanded bed reactor (AAFEB) 
pilot plant for sewage treatment were built in the early 1980s by the EPA [Brown et al., 
1985]. In the pilot scale studies, maximum total COD removal obtained was 75%. A major 
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problem with the pilot plant studies was related to sulfate reduction which limited methane 
production. When methane production occurred, the methane bubbles were said to be 
attached to and float with the sand media. However, it was concluded that as the deagn of 
the reactors improve, the AAFEB may prove to be a viable alternative for treating municipal 
sewage. 
f. The anaerobic fluidized bed treatment oflow-strength wastewaters 
i. Development AccordingtoStathis[1980], the early work on biological 
fluidized bed systems were performed by Beer in 1970. By 1983, numerous types of 
wastewaters were treated using the anaerobic fluidized bed [Henze and Harremoes, 1983]. A 
schematic of the anaerobic fluidized bed reactor is presented in Figure 21. 
ii. Laboratory studies Sanz and Fdz-Polanco [1986] reported on the laboratory 
treatment of domestic sewage us'mg a 0.54 liter anaerobic fluidized bed reactor (AFBR). 
Treatment temperatures of 10°C to 25°C were used. Active volume of the reactor was 0.23 
liters after the addition of 0.14-0.28 mm diameter support material whose density was 1.94 
g/cm^ and a porosity of 57%. Volumetric expansion of the system was 20% at a fluid 
velocity of 0.11 cm/sec. The reactor was run for a duration of320 days treating domestic 
sewage having a COD value of500 mg/L (325 mg/L BOD5) and a TSS value of 190 mg/L. 
COD removal was between 60 and 90% at COD loadings of less than 1 g/L/day and about 
60% at loading rates of 3 to 5 g/L/day. 
Maragno and Campos [1992] reported on a laboratory treatment of synthetic waste­
water with a mean COD of 557 and 700 mg/L in a 10.5 liter AFBR. The synthetic 
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Figure 21. Schematic of the anaerobic fluidized bed reactor [Metcalf and Eddy, 1992] 
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wastewater was composed of bovine liver extract, glucose, sodium bicarbonate, and ammo­
nium acetate. The reactor was seeded with sand that was retained between sieves with 
openings of 0.210 mm and 0.149 nun, as carrier material and operated at ambient temperature 
of 13°C to 31°C and at two HRTs of 1.0 hour and 1.5 hours. A mean COD removal of 62% 
was achieved at a 1.0 hour HRT and 71% removal at a 1.5 hour HRT. 
iii. Pilot plant studies Jeris, Ehlers and Witkowski [1985] sununarized results 
of two pilot plants for AFBR treatment of sewage in New York. One plant used sand and the 
second utilized GAC as carrier materials. Results from the studies showed low BOD 
removals, especially for the sand reactor. The maximum BOD removal for the GAC reactor 
was 78%. 
4. The Anaerobic Sequencing Batch Reactor (ASBR) 
a. Development The ASBR is a new high-rate anaerobic reactor. Its development 
is attributed to studies performed in the early 1960s by Dague [1967]. In the studies, Dague 
investigated the effect of bioflocculation on sludge settleability and retention in anaerobic 
systems. The reactors used in the studies were operated in a batch mode, with solids 
separation occurring within the reactor prior to withdrawal of supernatant as effluent. With 
internal settling, the studies showed that a batch process was capable of separating the system 
SRT from the HRT. The process was called "anaerobic activated sludge" [Dague, 1966]. 
Recent research at Iowa State University has extended Dague's prior studies to the 
development of a new high-rate anaerobic process called the "Anaerobic Sequencing Batch 
Reactor: ASBR" (US Patent No. 5,185,079). 
95 
b. Operating principles of tiie ASBR Figure 22 presents the operating principles 
of the ASBR process which involve four sequencing steps; feed, react, settle and decant. The 
feed step involves the addition of substrate to the reactor during which time the reactor is 
continuously mixed. Substrate concentration and metabolic rates increase to their maximum 
values during the feed step. The volume of substrate fed depends on a number of factors, 
including the desired HRT, organic loading, and expected settling characteristics. 
The react step is important in the conversion of organic substrate to biogas. Continu­
ous or intermittent mixing could be used during the react step. The time required for the react 
step depends on the required effluent quality as well as biomass concentration, temperature, 
substrate characteristics, and organic loading rate. 
The settling step requires that mixing be shut off, allowing biomass to settle within the 
reactor. The required time for the settling step depends on biomass concentration, tempera­
ture, and the type of biomass (flocculent or granulated). 
The decant step takes place at the end of settling. The volume decanted is normally 
equal to the volume fed during the feed step so that the system HRT is maintained. 
c. ASBR system performance The ASBR has some unique characteristics that 
enable the process to achieve high levels of organic removals. The batch feeding in ASBR 
results in a variable substrate concentration in the reactor, alternating from high concentra­
tions of substrate during and immediately after feeding to low substrate concentrations at the 
end of the react cycle, just before biomass settling and effluent decanting. This results in a 
variable food-to-microorganism (F/M) ratio in the reactor: High F/M just after feeding and 
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Figure 22. Operating principles of an aerobic sequencing batch reactor 
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low F/M just before settling, as illustrated in Figure 23. The important features of the ASBR 
process include: 
i. Bioflocculation and Internal Settling Dague and co-authors McKinney and 
PfeSer [1966,1970] reported on solids retention in anaerobic methanogenic processes and 
emphasized the importance of low F/M ratios in achieving biomass flocculation and internal 
settling in batch-fed reactors. Although not recognized at the time, the biomass in these early 
reactors was granular, not flocculent as these two terms are understood today. 
The variable high to low F/M ratio in the ASBR is an important feature of the process 
that enables achievement of treatment levels not possible in continuous-flow anaerobic 
methanogenic processes. In the ASBR, the high F/M immediately after feeding results in high 
rates of substrate removal, in accordance with Monod kinetics. However, just prior to the 
biomass settling cycle, the F/M ratio is extremely low and gas production is also low, resulting 
in ideal conditions for biomass flocculation/granulation and settling. This enables internal 
settling and eliminates the need for an external clarifier, as required by the anaerobic contact 
process. 
ii. Microbial selection The achievement oflow F/M ratios in the ASBR 
promotes another important characteristics of the process. At the low F/M levels toward the 
end of the react cycle, the microorganisms are competing for the limited substrate remaining. 
The organisms that are able to grow at these low substrate concentrations gain a competitive 
advantage over organisms that can not grow at such low substrate levels. The net result, over 
time, is that the ASBR selects methanogens that can grow at low volatile fatty acids (VFA) 
Maximum F/M Ratio 
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Mmimum F/M Ratio 
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Figure 23. Illustration of the effect of batch feeding on substrate concentration 
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levels. This is an important principle that enables the ASBR to achieve much lower levels of 
VFA intermediates and therefore higher levels of waste stabilization, even when treating dilute 
wastes, than is possible for continuously-fed and mixed anaerobic systems. The effect of 
substrate concentration on microbial growth and substrate removal rates is shown through the 
well known Monod function. Specifically for anaerobic systems, successful treatment of low 
strength wastewaters has been found to depend on the ability of the reactor to select adapted 
methanogens that can grow in low VFA concentrations, such as methanosarcina barkeri and 
methanothrix spp [Mergaert et al., 1992]. Because of the variation m substrate concentration 
(alternating feast to famine) in the ASBR, the process automatically selects methanogens that 
can grow at low VFA concentrations. 
The process of microbial selection resulting from variable substrate concentration in a 
reactor has been documented for the activated sludge process (Chudoba et al., 1973; Chudoba 
et al., 1982; Chiesa et al., 1985). These studies reported that an activated sludge reactor 
which promote concentration gradient of organic matter results in the selection of good 
settling biomass. Specifically, Chiesa et al. (1985) used the term "Feast/Famine" to denote 
concentration gradient of organic matter in a biological reactor. The feast/famine process is 
exactly what occurs in the ASBR process which automatically selects anaerobic microorgan­
isms that can grow under alternating substrate concentration condition illustrated earlier in 
Figure 23. 
iii. Biomass [granulation Selection of granular biomass is another important 
feature of the ASBR. During the decant cycle, biomass particles that do not settle are wasted 
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from the reactor as a part of the effluent. Thus, over time, the process selects rapidly settling 
granules and away from the more slowly settling, flocculent biomass. The achievement and 
maintenance of granulation is important and enables high rates of organic removals in short 
HRTs. 
The first report on granulation in the Anaerobic sequencing batch reactor was 
presented by Sung and Dague [1992a]. The study involved the operation of four ASBRs at 
35°C. Each of the four reactors had different depth to diameter ratios but with equal volume. 
The depth to diameter ratio of the reactors were 5.60, 1.83, 0.93 and 0.61. The purpose of 
the study was to determine the effect of depth to diameter ratio on the performance of the 
ASBR system at high organic loading rates. 
The four ASBRs were operated at identical HRT and organic loading rates. However, 
because of the different depth to diameter ratio, the depth decanted per cycle was different for 
the four reactors. Granulation was observed in the system after about six months of opera­
tion. It was found that the short reactor which decanted smaller depth did not develop rapidly 
settling biomass in comparison to the tall reactor. Because of the greater depth of decant for 
the tall and thin reactor, poor-settling biomass were washed out resulting in the selection of 
rapidly settling solids and the development of granulation. The lughest values of MLSS 
reported, in order of decreasing depth to diameter ratio reactors were; 24,600, 26,500, 
33,600, and 29,400 mg/L respectively. The MLSS values show the high solids holding 
capability of the ASBR process. 
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iv. Temperature compensation Another important feature of the ASBR is its 
ability to compensate for temperature variations. As temperature declines, biological reaction 
rates decline. The specific substrate removal rate declines, but so does the endogenous decay 
rate of the microorganisms. If the loss of microorganisms in the effluent does not increase at 
the lower temperature, the population of microbes in the reactor will increase, thereby 
offsetting the reduction in substrate removal rates. This concept was presented in the 1960s 
by Dague et al. [1966, 1970] when it was reported that equal COD removals were achieved at 
temperatures of 3S°C and 2S^C using an anaerobic activated sludge process with internal 
solids settling. Dague and Pidaparti [1991] also achieved equal treatment efficiency at both 
35°C and 25°C when treating swine wastes vwth the ASBR. This is a key feature of the 
ASBR. The process is highly efficient in selecting biomass granules and in holding the 
biomass in the reactor. Thus the ASBR has considerable ability to adjust to lower tempera­
tures. 
d. Previous studies using the ASBR process Performance of the ASBR has been 
tested in numerous laboratory studies. One ASBR pilot plant is presently in operation at 
Cedar Rapids, Iowa, treating wastewater fi-om a starch manufacturing company. A full-scale 
plant is under construction at Wellington, Colorado, for the treatment of swine wastes. 
The first research on the ASBR process was reported by Habben [1991] using non-fat 
dry milk (NFDM) as substrate for treatment at a mesophilic temperature (35°C). The studies 
were conducted in 13 liter laboratory reactors to evaluate performance at HRTs of 0.54, 1.08, 
and 2.17 days and COD loadings ranging from 0.5 to 5.0 g/L/day. The loading applied by 
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Habben resulted in low substrate COD concentrations. Habben's research was conducted at 
3S°C using various high substrate concentrations with occasional low substrate concentra­
tions, as shown in Tables 17,18 and 19. The results of his research (Tables 17,18, and 19) 
showed good system performance even at the low substrate concentration of 2S4 mg/L COD 
(OLR of 0.47 g/L/day COD) and at 0.S4 day (13 hr) HRT. But his study was conducted only 
at 35°C. As shown in Tables 17,18, and 19 two types of efiQuents were analyzed by Habben. 
The effluent called "supernatant" were obtained from the middle of the supernatant phase of 
the ASBRs after settling whereas, the effluent called "effluent" were based on total effluent 
decanted during the decanting phase of the ASBR operation [Habben, 1991], 
Another study with the ASBR process using NFDM (soluble substrate) was completed 
by Kaiser [1991] at a thermophilic temperature. She found that the ASBR process was 
capable of achieving high COD removal efficiency, but that the high endogenous decay at 
thermophilic temperature led to difficulties in developing and olding solids in the system. 
However, a recent study by Steinbach using granular sludge shows very high solids retention 
at a thermophilic temperature of 55°C. 
Sung [1992a, 1992b], studied the effect of reactor configuration and mixing regime on 
the performance of the ASBR process using NFDM as substrate at a mesophilic temperature 
(3S^C). He found no difference in COD removal and methane production when comparing 
continuous mixing with intermittent mixing. He found that biomass granulation was affected 
by reactor geometry, with tall-narrow reactors promoting granulation better than short-fat 
geometry. He also found that at substrate loading rates ranging from 2 to 12 g COD/L/day 
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Table 17. COD removal efficiency at various loading rates for the 0.S4 day HRT [Habben, 
1991] 
COD Remova Efliciency 
Total COD 
Load g/ 
L/day 
Substrate 
COD Cone. 
(mg/L) 
Total 
Supernatant 
% 
Soluble 
Supernatant 
% 
Total 
Effluent 
% 
Soluble 
Effluent 
% 
0.47 254 87.7 86.7 77.0 73.8 
1.03 556 92.3 92.3 81.8 71.6 
1.49 805 95.5 94.6 81.3 80.4 
1.84 994 96.4 96.0 83.3 78.0 
3.01 1625 95.2 94.6 73.8 68.2 
3.82 2063 95.0 94.7 75.0 71.2 
Table 18. COD removal efficiency at various loading rates for the 1.08 day HRT [Habben, 
1991] 
Total COD 
Load 
g/L/day 
Substrate 
COD Cone. 
mg/L 
COD Removal Efficiency 
Total 
Supernatant 
% 
Soluble 
Supernatant 
% 
Total 
Effluent 
% 
Soluble 
Effluent 
% 
0.47 508 92.2 92.2 83.0 82.0 
0.91 983 96.1 96.3 82.0 76.6 
1.37 1480 95.8 96.4 77.5 74.3 
1.84 1987 97.9 97.9 85.6 83.1 
2.85 3078 98.1 98.0 93.4 91.7 
3.72 4018 96.4 96.4 85.1 84.0 
4.70 5076 97.2 97.3 75.5 52.1 
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Table 19. COD removal efficiency at various loading rates for the 2.17 day HRT [Habben, 
1991] 
COD Remova Efllciency 
Total COD 
Load 
g/L/day 
Substrate 
COD Cone. 
mg/L 
Total 
Supernatant 
% 
Soluble 
Supernatant 
% 
Total 
Effluent 
% 
Soluble 
Effluent 
% 
0.47 998 97.3 97.0 90.6 88.6 
0.91 1953 98.4 98.3 92.8 89.7 
1.37 2843 98.8 98.7 93.0 91.0 
1.84 3732 98.6 98.6 95.2 91.9 
2.85 5816 98.9 98.9 95.9 95.2 
3.72 8072 98.6 98.6 94.8 93.7 
4.70 10156 98.2 97.8 86.9 77.5 
and HRTs of 12, 24 and 48 hrs, the removal efficiencies were consistently greater than 95%, 
except for the 12 hour HRT at 12 g COD/L/day loading whose removal efficiency was at 
90%. He also reported on the first granulation in the ASBR, as presented earlier. As 
reported by Sung and Dague (1992a, 1992b), Sung's study showed high biomass holding 
capability of the ASBR process ranging from 24,600 to 33,600 mg/L. 
Herum [1993] studied the effect of vacuum enhancement on the ASBR performance 
using NFDM as substrate. She found that vacuum application improves sludge settleability, 
decreases system HRT requirements, increases biomass concentration and system SRTs, 
enhances higher organic loadings, and decreases the time necessary to reach quasi-equilibrium 
from start up. 
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Pidaparti [1992] studied treatment of swine waste using the ASBR process at 35°C 
and 2S^C. He found that equivalent COD removals and VSS destruction were possible at 
both temperatures. The equivalent performance at both 35^C and 2S°C is explained by the 
fact that more solids are built up at 25°C due to low endogenous decay rate which compen­
sates for decrease in reaction rate from 35°C to 25°C. 
Schmit [1992] studied the treatment of swine waste in the ASBR at 20°C. He found 
that the ASBR process was capable of sustaining volatile solids destruction over a variety of 
loads ranging from 40% to 60% solids at 20°C. 
Presently, there are several on-going studies at Iowa State University using the ASBR 
process. These include: treatment of furfural waste, treatment of landfill leachate, comparison 
of ASBR performance with that of UASB, comparison of the ASBR process with the 
anaerobic filter, thermophilic treatment, sludge digestion and pathogenic destruction in 
temperature-phase process, batch biosorption studies, semi-continuous biosorption studies, 
factors affecting the granulation process, biomass requirement in ASBR start-up operation, 
and pilot plants studies at Cedar Rapids, Iowa; and Wellington, Colorado. 
From the brief summary of the ASBR research, it is noted that no formal study has 
been conducted on the ASBR treatment of low strength wastewater especially at various 
temperatures. The purpose of the research presented in this document was to investigate the 
applicability of the ASBR process for the treatment of low strength wastewater. Such study 
will demonstrate the applicability of the ASBR process as a system for the treatment of a 
different class of wastewater called "low-strength wastewater". 
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IV. EXPERIMENTAL PROCEDURES 
A. Reactor Configuration 
Four, six-liter ASBRs were used for conducting the research. The reactors were 
identical in all aspects. The dimensions and descriptive schematic of one of the four reactors 
is shown in Figure 24. The reactors were constructed by the Iowa State University ERI 
(Engineering Research Institute) shop using 12 mm (O.S in) thick Plexiglas and were cylindri­
cal in shape. The reactors were 24 inches in height and 4.S in internal diameter. The total 
volume of each of the reactors was 6.25 liters of which 6 liters was used as working (fluid) 
volume and the remaining 0.2S liters for head space. 
Six sampling ports were installed at one liter volume intervals from the bottom of the 
reactor. Reactor three had one extra sampling port located at 4.5 liter volume from the 
bottom of the reactor. The sampling ports were 6 inches long with 0.5 inches inside diameter 
and were made of stainless steel tubes. Compression fittings with one inch by one inch by 
0.25 inch Plexiglas reinforcement anchors were used to reinforce the sampling ports. 
The top and bottom of the reactors were fitted with a plate having the same outside 
diameter (8 inches) as the flange of the reactor. The plates and flanges were 0.5 inches thick. 
Both the plates and the flanges of each reactor (top and bottom) had twelve, 3/8 inch 
holes in which threaded rods were used to fasten the reactor into a single unit. The threaded 
rods were tightened with 0.625 inch nuts. A 0.125 inch diameter plastic 0-ring was used to 
ensure a leak-proof seal. 
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Figure 24. Dimensional view of one of the four identical ASBRs used in this study 
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The top plate of each reactor had two holes. One of the holes was used for biogas 
removal. The second hole was fitted with a 0.5 inch inside diameter stainless steel tubing, 27 
inches long, secured with a compression fittings on the reactor lid. This stainless steel tubing 
extended to the bottom of the reactor where it was welded to a circular stainless steel ring 
having holes for gas delivery for mixing. A schematic of a sectional view of one of the 
reactors is shown in Figure 25. 
Upon completion of the reactor construction, the volumes were calibrated using 
measured amounts of tap water. The reactors were connected using tygon tubing and 
connectors. Peristaltic pumps were used for the feeding of substrate, effluent withdrawal and 
biogas recirculation for mixing. 
Wood shelving was constructed for organized placement of the pumps. A total of 
twelve pumps were used. Six pumps were 30 rpm constant speed drives^, while two 
pumps were 60 rpm constant speed drive . The four gas recirculation pumps selected were 6-
600 rpm variable-speed drives . All the pump drives were fitted with standard size 18 pump 
heads^. Three automatic programmable timers^ were used, one for the four influent pumps, 
the second for the four effluent pumps, and the third for the four gas recirculation pumps. 
k)at. No. L-07543-30, Masterflex, Cole-Parmer Company, 
^at. No. L-07543-60, Masterflex, Cole-Parmer Company, 
^at. No. L-07553-50, Masterflex, Cole-Parmer Company, 
^at. No. L-07018-20, Masterflex, Cole-Parmer Company. 
^Cat. No. L-01-750-5, Chrontrol, Fisher Scientific Company. 
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Figure 25. Schematic of a sectional view of ASBR reactor used. 
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Masterflex (Tygon)^ size 18 was used for all pump heads. During domestic wastewater 
treatment, the substrate was mixed using a 1/10 hp motor with adjustable through-shaft 
precision collect mixing head^ with tank clamp^, a speed controller^, a shaft and propel-
11 ler^ *. The speed was controlled by a timer 
Figure 26 shows the experimental set-up of the ASBRs system used in this research. 
B. Gas System 
The gas and any liquid vapor exited the reactor through one of the holes on the top 
plate of the reactor and was conveyed to an aspirator bottle for gas-liquid separation by way 
of tygon tubing. The gas-liquid separation was needed to prevent liquid from entering the gas 
line and clogging the tubings. The aspirator bottle (4 liter volume) used for the gas-liquid 
separation had a discharge port located in its side, near the bottom. This port was occasion­
ally opened to drain any accumulated liquid in the bottle. The top of the bottle was closed 
with a number 10 rubber stopper and sealed with silicon sealant to prevent any gas leaks. 
Three holes were drilled in the rubber stopper. Each hole was fitted with a piece of glass 
^at. No. L-06409-18, Masterflex, Cole-Parmer Company. 
^Cat. No. L-50002-30, Cole-Parmer Company. 
^at. No. L-50001-80, Cole-Parmer Company. 
^Cat. No. L-50002-00, Cole Parmer Company. 
^^at. No. L-04538-10, Cole-Parmer Company. 
^k)at. No. L-04553-65, Cole-Parmer Company. 
^^at. No. L-07-750-5, Chrontrol, Fisher Scientific Company. 
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Figure 26. ASBR set-up for the treatment of low strength synthetic wastewater (NFDM) 
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tube. The sides were sealed with silicon to prevent leaks. One of the three glass tubes 
extended to about one inch from the bottom of the aspirator bottle and was used to deliver 
gas and accompanying liquid vapor from the reactor. The other two glass tubings were short 
and were inserted just to the inside end of the rubber stopper. One of the short glass tubes 
was used to deliver gas to the gas recirculation pump and back into the reactor for mbdng 
through the second hole on the top plate of the reactor (The gas recirculation pumps were 
activated by a timer at the required mixing time). This second hole on the top plate of the 
reactor had a 27 inch long, 0.5 inch diameter hallowed stainless steel. The stainless steel 
extended to the bottom forming a ring with ports for gas delivery for mixing. The second 
short glass tube in the stopper of the aspirator bottle was used to direct gas flow from the 
aspirator bottle to a gas bag. Any additional gas over what was used for mixing would leave 
the aspirator bottle to the gas bag which was initially filled with natural gas from the labora­
tory. The gas bag was used to equalize pressure in the system. That is, during decanting of 
effluent from the reactor, the decrease in pressure due to suction effect will be equalized by 
gas pressure from the gas bag. Similarly, during feeding, the excess gas pressure will be 
accommodated by the gas bag. In actual field design, a floating cover for the reactor will 
eliminate the need for gas bag or similar system. 
Excess gas from the gas bag was delivered by means of rubber tubing to an observa­
tion bottle and H2S scrubber. The observation bottle and the H2S scrubber bottle were both 
one liter bottles. The observation bottle was used to provide a visual indication of gas 
production and to monitor leakage or other problems that might hinder gas production. Both 
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the observation and H2S scrubbing bottle were closed with a No. 10 rubber stopper. Each 
stopper had two holes drilled in them. One hole was used to insert a glass tube to about two 
inches from the bottom. The second hole was used to insert a glass tube to about 1/2 inch 
below the inside edge of the rubber stopper. The observation bottle was filled with water to 
cover about O.S inch of the long glass tube. 
The H2S scrubbing bottle was filled with steel wool pads for removing H2S from the 
gas to prevent any damage to the gas meter and gas analyzing instrument from H2S. Gas 
from the reactor passed through the gas bag, check valve and into the H2S scrubbing bottle. 
Gas left the H2S scrubbing bottle through the short glass tube which was connected with 
rubber tubing to the gas sampling system. The gas sampling system with sampling ports were 
made of glass fabricated by the Iowa State University Glass blowing shop. They consisted of 
a hollow glass tube, four inches long and l.S inches wide, ^^th tapered ends. Each gas 
1 
sampling system had a port, into which a rubber half-holed septum was inserted. Gas from 
the sampling system was connected to a wet-test gas meter for reading daily gas production. 
From the gas meter, the gas was connected to a gas escape line that extended from the 
laboratory to the outside of the building. 
C. Substrate Preparation 
The substrate used in this study was a synthetic waste which consisted of non-fat dry 
milk (NFDM), sodium bicarbonate alkalinity, and trace mineral solution. 
^^AUtech Company, Deerfield, Illinois. 
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The synthetic substrate (NFDM) is stable and almost completely soluble. The sub­
strate was used because it contains the necessary nutrients, is relatively inexpensive, can be 
stored for a long time, can be used to prepare various substrate strengths, and has been used 
in previous ASBR studies [Habben, 1991; Kaiser, 1991; Sung, 1992a, 1992b]. Properties of 
the NFDM are shown in Table 20. The known and constant characteristics of the synthetic 
substrate make is desirable for laboratory studies. 
Table 20. Properties of the non-fat dry milk (NFDM) 
Parameter 
Value 
Lactose, 
Pmtein 
Chemical Oxygen Demand, #/# NFDM 
Five-day Biochemical Oxygen Demand, #/# NFDM 
Total Kjeldahl Nitrogen, % 
Total phosphate, as PO^ 
1.04 
0.49 
5.4 
2.2 
51.0 
>36.0 
<1.0 
8.2 
Trace Minerals® 
Iron, ppm of NFDM 
Nickel, ppm of NFDM 
Cobalt, ppm of NFDM 
4.6 
1.0 
0.8 
3.0 
15.0 
Molypdenum, ppm of NFDM 
Zinc, ppm of NTOM 
^Source of data is Swiss Valley Farms, Inc., Davenport, Iowa. 
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The synthetic substrate was made up each day. A substrate volume of 35 liters was 
prepared each time in a 52-L container with a concentration varying from 400 to 1,000 mg/L 
COD. 
Sodium bicarbonate (NaHC03) was used to maintain suitable buffering. The 
bicarbonate alkalinity was added at 1 g NaHCOj, as CaC03, per 1.0 g COD. Therefore, the 
alkalinity added was in increasing proportion with increasing COD concentration in the 
substrate. Calculations for the alkalinity added are shown in Table 21 for 35 liters of 800 
mg/L (0.8 g/L) COD of NFDM substrate. 
Five trace minerals (Fe, Zn, Ni, Co, and Mn) were added to the substrate. The 
composition of the trace mineral solution used is shown in Table 22. 
Table 21. Preparation of NFDM synthetic wastewater (example: COD concentration, C = 
800 mg/L; volume of substrate V = 35 L; alkalinity of 1 g NaHCOj as CaC03 per 
1.0 g COD) 
(1) COD = CV = (0.8 g COD/L) (35L) = 28 g COD 
(2) g NFDM = [(0.8 g COD/L) (35L)]/[(1.04 g COD/L)] = 26.92 g NFDM 
(3) g NaHC03 = ( 1 e CaCOj ) (28 g COD) ( 2 equivalent) (_84.gNaHCQ3) 
1.0 g COD 100gCaC03 I equivalent 
= 47gNaHC03 
116 
Table 22. Recipe for trace mineral stock solution. 
Chemical Compound Concentration Criteria® 
FeClj^HjO 
ZnCl2 
35.60 g/L 
2.08 g/L 
4.05 g/L 
4.04 g/L 
3.61 g/L 
Fe = 200 ppm 
Zn = 20 ppm 
Ni = 20 ppm 
Co = 20 ppm 
Mn = 20 ppm 
NiClj^HjO 
C0CI26H2O 
MnCl24H20 
®The numbers shown are the ratios of the element to the quantity of NFDM on a dry 
weight basis. For example, Fe = 200 ppm means that 200 parts of iron were added per million 
parts of NFDM. 
To obtain a well dissolved and homogenous substrate, the measured NFDM, NaHC03, 
and trace mineral solution were first mixed with water using a blender for about five minutes. 
The paste was then poured, and the mixing container rinsed, into the feed container. The 
volume of the substrate was then brought to 35 L by dilution with tap water. 
The synthetic milk substrate was treated at COD concentrations of 1,000, 800, 600, 
and 400 mg/L. The organic loading rates, based on the substrate strength and reactor HRT 
ranged from a low of 0.2 g/L/day COD (0.1 g/L/day BOD5) to a high of 2 g/L/day COD (1 
g/L/day BOD5). The complete list of loadings for each reactor and substrate concentration is 
shown in Table 23. The synthetic substrate was treated at 35, 25, 20, and 15°C. The volume 
of substrate fed and decanted during each 4 hour sequence of operation, along with other 
operational variables are shown in Table 24. 
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Table 23. Substrate concentrations and COD (BOD5) loadings (g/L/day) for the various 
HRTs 
Reactors (HRT. hrs) 
Substrate COD, 1 (48) 2(24) 3(16) 4(12) 
1000 0.5(0.25) 1.0(0.5) 1.5(0.75) 2.0(1.0) 
800 0.4(0.2) 0.8(0.4) 1.2(0.6) 1.6(0.8) 
600 0.3 (0.15) 0.6(0.3) 0.9(0.45) 1.2(0.6) 
400 0.2 (0.1) 0.4 (0.2) 0.6 (0.3) 0.8 (0.4) 
Table 24. ASBR sequencing characteristics used 
Reactors (HRT, hrs) 
1 (48) 2(24) 3(16) 4(12) 
Number of sequences per day 6 6 6 6 
Length of sequence, hours 4 4 4 4 
Volume of feed per sequence, liters 0.5 1.0 1.5 2.0 
Volume of feed per day, liters 3 6 9 12 
Volume decanted per sequence, liters 0.5 1.0 1.5 2.0 
Volume decanted per day, liters 3 6 9 12 
Length of feeding time; min 5 10.5 16.87 11.22 
Length of react time; min (hrs) 189.5(3.16) 179.5(2.99) 171.1(2.85) 180.8(3 
Length of settling time; min 40 40 40 40 
Length of decanting time; min 5.5 10 12 8 
Note; Settle time may need to be adjusted for temperature effect. 
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The treatment was conducted at four HRTs at all temperatures. Reactors 1,2,3, and 
4 were maintained at 48,24,16 and 12 hr HRT, respectively throughout the duration of the 
research. The treatment of each substrate concentration resulted in different organic loading 
rates for the different reactors due to their different HRT as presented in Table 23. Treatment 
at the various temperatures was achieved by changing substrate concentration because of 
maintaining the four reactors at different HRT. 
D. Reactor Operation 
The treatment duration at each of the four temperatures is presented in Table 25. The 
reactors were seeded with anaerobic sludge obtained from the primary digester at the City of 
Ames Iowa Water Pollution Control Plant and put into operation on July 20, 1992 at 35°C. 
Initially, the reactors were operated using a 48 hr HRT for reactor one, a 24 hr HRT for 
reactor two, a 12 hr HRT for reactor three, and an 8 hr HRT for reactor four. After fifty 
three (53) days of operation, (September 11, 1992), soluble COD removals were 92%, 93%, 
81%, and 62% for the 48, 24,12, and 8 hr HRT reactors, respectively, at an initial substrate 
concentration of 1,000 mg/L COD at 35°C. The 8 hr HRT reactor was found to be losing 
solids. Therefore, on September 13,1992, 55 days after the beginning of operation, the 
reactors were maintained at 48, 24, 16, and 12 hr HRT for reactors 1, 2, 3, and 4, respec­
tively. 
Treatment at 35°C lasted for 199 days due to the change of the 12 and 8 hr HRTs to 
16 and 12 hr HRT systems during the start-up operation at 35^C treatment of 1000 mg/L 
COD wastewater. 
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Table 25. Duration of experimental studies 
Number 
Experiment Date Reactors (HRT, hrs) of Days 
35®C 
1000 mg/L COD July 20, 1992-Dec. 20, 1992 1(48), 2(24), 3(16), 4(12) 153 
800mg/LCOD Dec. 20,1992-Jan. 5,1993 1(48), 2(24), 3(16), 4(12) 16 
600 mg/L COD Jan. 5,1993-Jan. 18, 1993 1(48), 2(24), 3(16), 4(12) 13 
400 mg/L COD Jan. 18, 1993-Feb. 4,1993 1(48), 2(24), 3(16), 4(12) 12 
Total number of days of operation at 3S°C 199 
25OC 
1000 mg/L COD Feb. 4, 1993-May 1, 1993 1(48), 2(24), 3(16), 4(12) 88 
800 mg/L COD May 1, 1993-May 17, 1993 1(48), 2(24), 3(16), 4(12) 16 
600 mg/L COD May 17,1993-June 5, 1993 1(48), 2(24), 3(16), 4(12) 18 
400 mg/L COD June 5, 1993-June 25, 1993 1(48), 2(24), 3(16), 4(12) 20 
Total number of days of operation at 142 
20®C 
400 mg/L COD June 25,1993-July 13, 1993 1(48), 2(24), 3(16), 4(12) 18 
600 mg/L COD July 13, 1993-Aug. 2, 1993 1(48), 2(24), 3(16), 4(12) 20 
800 mg/L COD Aug. 2, 1993-Aug. 2, 1993 1(48), 2(24), 3(16), 4(12) 20 
1000 mg/L COD Aug. 22, 1993-Sept. 4, 1993 1(48), 2(24), 3(16), 4(12) 12 
Total number of days of operation at 20®C 70 
15®C 
400 mg/L COD Sept. 4, 1993-Sept. 26,1993 1(48), 2(24), 3(16), 4(12) 22 
600 mg/L COD Sept. 26, 1993-Oct. 10, 1993 1(48), 2(24), 3(16), 4(12) 14 
800 mg/L COD Oct. 10, 1993-Oct. 23, 1993 1(48), 2(24), 3(16), 4(12) 10 
1000 mg/L COD Oct. 23, 1993-Nov. 8, 1993 1(48), 2(24), 3(16), 4(12) 16 
Total number of days at 15®C 63 
Overall number of days for the laboratory studies 474 
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After completing treatment at 3S°C on February 4, 1993, the temperature of the 
incubator was adjusted to 25°C at one setting. At the same time, the substrate concentration 
was changed from 400 mg/L COD (substrate concentration at the end of 3S°C treatment) to 
1,000 mg/L COD. This resulted in a shock to the system. The shock that was caused by the 
combined temperature and substrate strength changes affected the 16 and 12 hr HRT reactors 
by poor settling and the loss of solids &om these reactors, but had no effect on the 48 and 24 
hr HRT reactors. 
Solids recycle was initially used to solve the shock problem but without good results. 
The 16 and 12 hr HRT reactors were both changed to 24 hr HRT for about two weeks. This 
resulted in a little improvement but loss of solids resumed after changing back to the respec­
tive 16 and 12 hr HRT. Eventually, the systems were saved by the addition of ferric chloride 
to the substrate. A stock solution of FeCl3.6H20 was prepared. At each time of substrate 
preparation, about 210 ml fi-om a 10 g/L stock solution of FeCl3.6H20 was added to a 35 
liter substrate to make a FeCl3.6H20 concentration of about 60 mg/L as FeCl3.6H20 in the 
substrate. The chemical, FeCl3.6H20, being a coagulant, aided settling of biomass in the 
reactor. The addition of the coagulant to the substrate was done based on results of previous 
studies involving direct addition of ferric chloride to anaerobic reactors. These studies were 
conducted by Setter [1930], Speece and McCarty [1962a, 1962b], Pfeffer and White [1964], 
and Dague, McKinney and Pfeffer [1970]. Resuhs of the aforementioned studies showed 
increase system efficiency, increase in gas production, reduction of solids concentration in the 
effluent and the reduction of phosphate and orthophosphate concentration in the reactor 
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effluent. The ferric chloride addition was discontinued upon bringing the reactors back to 
normal operating conditions. Treatment at 25°C lasted for 142 days due to operational 
problems that resulted from instant temperature drop from 35 to 2S°C along with change of 
substrate concentration from 400 mg/L COD at end of 3S^C to 1000 mg/L COD for starting 
treatment at 25°C. 
Subsequent temperature changes (from 25°C to 20°C and from 20°C to 15°C) were 
accomplished by dropping the temperature by l^C per day as done by Dague [1967] and 
suggested by Henze and Harrenmoes [1983]. In addition, the lowest substrate concentration 
of400 mg/1 COD was used as the starting wastewater strength at 20 and 15°C. Subsequent 
increment of wastewater strength to 600,800 and 1000 mg/1 COD occurred upon achieving 
equilibrium conditions at the previous wastewater strengths. 
Treatment studies at 20°C lasted for 70 days while treatment at 15°C lasted for 63 
days. Generally, the short duration of treatment at both the 20°C and 15°C was due to high 
stability of the system when changes in temperature from 25° to 20°C and from 20°C to 
15°C was done by dropping temperatures by 1°C per day. Treatment at 15°C resulted in 
excess solids in the effluent of the 12 hr HRT reactor at substrate concentrations of 800 and 
1000 mg/L COD and the 16 hr HRT reactor at substrate concentration of 1000 mg/L COD, at 
15°C. This excess solids in the effluent of the short HRT reactors at the stated substrate 
concentrations led to a shut down of the short HRT reactors which resulted at short treatment 
duration at 15°C. 
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E. Laboratory Analyses 
To determine the performance of the reactors, several parameters were frequently 
analyzed. The type of data and the frequency of data collection are shown in Table 26. The 
data was collected when the ASBR system had reached quasi-steady state conditions. Quasi-
steady state, or equilibrium conditions occurs when measured biogas production from the 
ASBR systems is near constant, or when the ASBR systems have been allowed to operate at a 
constant strength of substrate for at least three times the system HRT [Brown et al., 1986], 
1. pH 
The pH of the reactors was determined usually several times a week. The pH 
measurements were performed using an Altex pH meter^^. The pH meter was calibrated each 
time it was used according to standard procedures using buffer solutions of pH 4.00 
and 7.00^^. pH measurements were made as soon as possible after the samples were 
withdrawn fi-om the reactors with little or no agitation to minimize the loss of dissolved 
carbon dioxide. Measurements were made after calibration by inserting the pH probe into the 
sample after rinsing with distilled water and blotted dry with laboratory tissue paper. This 
rinsing and blotting was used each time between measurements. The pH probe was a standard 
glass membrane-type probe, which was gel-encased^^. 
^'^odel 4500, Altex Corporation. 
^%at. No. SBlOl-500, SB107-500, Fisher Scientific Company, 
^^at. No. H788, Markson Corporation. 
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Table 26. Summary of experimental parameters to be measured 
Parameter Method Frequency 
1. pH pH meter i 3 times per week 
2. Total Alkalinity Standard Methods Once per data point 
3. Volatile Acids Standard Methods Once per data point 
weekly or bi-weekly 
4. Chemical Oxygen demand 
(COD) 
Standard Methods Twice per week, also 3 
times per data point 
5. Biochemical Oxygen^ 
demand (BOD^) 
Standard Methods 
6. Solids 
SS (MLSS, TSS) 
VS (MLVSS, TSVS) 
Standard Methods Weekly 
7. Gas Analysis; 
Production 
Composition 
Read gas meter 
use GC for analysis 
Daily reading of gas 
meter weekly analysis 
8. Sulfate^ Standard Methods 
9. Granulation^ SEM 
^Tests performed by ISU Analytical Laboratory Service. 
^Tests performed by ISU Civil Engineering Materials Laboratory. 
Frequent pH measurements were done to monitor the reactor system, because changes 
in the pH value, especially towards acidic conditions, indicates a potential imbalance in the 
reactors. A drop in pH would indicate an accumulation of volatile acids and inhibition of 
methanogenic bacteria, especially when there is not enough buffering. 
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2. Total alkalinity 
The determination of total alkalinity was done once per data point and in between 
when it was necessary to check the working conditions of the reactors. The total alkalinity 
measurements were conducted using the procedure outlined in Standard Methods [American 
Public Health Association, 198S]. During each test, 20 ml effluent samples were used. The 
samples were titrated using a 0. IN sulfuric acid to an endpoint pH of 4.3. The total alkalinity 
was calculated using the equation; 
Alkalinity, mg/L as CaC03 = AxNxSO.OOO (4.1) 
ml of sample 
where, 
A = ml of standard acid used in titration 
N = Normality of standard acid 
50,000 = Conversion factor: ( 100 p CaCO^) ( 1.000 me ) 
2 equivalent g 
The accuracy of the method used for determining alkalinity is said to depend on 
sample characteristics. However, deviation of the results from actual value is said to range 
from ±1 mg/L to ±9 mg/L [American Public Health Association, 1985], 
3. Volatile acids 
The determination of volatile acids was done once per data point and in between when 
it was necessary to check reactor performance. The distillation method presented in the 
Standard Methods [American Public Health Association, 1985] was used. Effluents from the 
reactors were relatively low in solids, therefore, centrifugation was not required. In some 
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cases, sedimentation for few minutes was sufficient. Testing involved placing 100 ml in a SOO 
ml sample distillation flask. In addition, 100 ml of distilled water, 5 ml of concentrated 
sulfuric acid and glass beads were added to the sample in the distillation flask. The flask was 
placed on a heater and coupled to a laboratory distillation apparatus. The first 5 ml of 
distillate was discarded while the next 150 mi of distillate was used for determining the 
volatile acids concentration. 
The 150 ml distillate collected was titrated to an end point pH of 8.3 using 0.1 N 
sodium hydroxide (NaOH) and phenolphthalein indicator. The volatile acids concentration 
was determined using the following equation: 
Volatile acids as acetic acid (mg/L) = AxNx60.000 (4.2) 
ml of sample (150) 
where, 
A = ml of standard base used 
N = Normality of NaOH 
60,000 = Conversion factor; (60g CH^ COOH^ ( 1.000 me ) 
l e q  g  
4. Chemical oxygen demand (COD) 
The main parameter used in evaluating reactor efficiency was the COD. The COD test 
is used to measure the oxygen equivalent of organic matter which can be oxidized by a strong 
chemical oxidizing agent (potassium dichromate) in an acid medium. The test was performed 
on the substrate, reactor effluents, and filtered reactor effluents. The test was performed 
using the closed Reflux Titrimetric Method [American Public Health Association, 1985]. 
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The COD tests were performed immediately upon obtaining samples from the 
reactors. When necessary, samples were stored at 4°C prior to testing. The digestion vessels 
17 
used were 20 by ISO mm culture tubes and the following reagents and sample size; 
Sample S.O ml 
Potassium dichromate digestion solution 3.0 ml 
Sulfuric acid reagent 7.0 ml 
Total 15.0 ml 
This method can measure a theoretical maximum COD value of450 mg O2/L. 
Therefore, samples having COD value in excess of 450 mg O2/L have to be properly diluted. 
Upon adding the right amount of sample and reagents to the culture tubes, and mixed, the test 
tubes were capped with Teflon-lined screw cap^^, and placed inside a drying oven set at 
150°C for 2 hours. Fihered samples for soluble COD tests were obtained by filtering the raw 
samples through a 9.0 cm. GF/C glass filter paper^^. A vacuum apparatus which included 
buchner funnels and a glass vacuum flask was used. Each sample was tested in duplicate. 
Two blanks (5 ml of distilled water instead of sample) were also digested in the oven (reflux) 
and another two blanks (standard) were left in the laboratory room condition. The reflux 
samples put in the oven were used to determine background COD of the distilled water. 
Upon removing samples from the oven, they were allowed to cool and then titrated using 
^^Cat. No. 14-957J, Fisher Scientific Company, 
^^at. No. 14-957J, Fisher Scientific Company. 
^^Cat. No. 09-804-90A, Fisher Scientific Company. 
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ferrous indicator and standard FAS (Ferrous Ammonium Sulfate) as titrant, to obtain a sharp 
change in color. 
The COD values were determined using the formula [American Public Health 
Association]; 
COD, mg O2/L = CA-BtxNfccS.OOOxDF (4.3) 
ml of sample 
where, 
A = ml of FAS used for reflux blank 
B = ml of FAS used for sample 
M = Molarity of FAS 
8000 = Milligrams of oxygen per mole of FAS 
DF = Dilution factor 
and 
M = ml of dichromate used ^ q ^ 
ml of FAS used for Standard blank 
The method is known to yield results with about ±13 or ±14 mg/L (10.8%) deviation 
from of the true value [American Public Health Association, 1985]. 
5. Biochemical oxygen demand (BOD5) and sulfate analysis 
The biochemical oxygen demand (BOD) test is a measure of the biodegradable 
component of organic waste which bacteria can convert to CH^, CO2 and H2O. 
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The BOD tests and sulfate analysis of the substrate and the reactors' effluents for this 
research were performed by the staff of the Analytical Services Laboratory of the Civil and 
Construction Engineering Department, Iowa State University, Ames, Iowa. 
6. Solids 
Sr lids tests were run on mixed liquor and effluents from the reactors. Because the 
synthetic wastewater (NFDM) is almost completely soluble, no solids tests were run on 
NFDM substrate. 
Standard Methods [American Public Health Association, 1985] test 209C was used for 
total suspended solids. Each test was performed using a 10 ml samples. The samples were 
filtered through 9 cm GF/C glass fiber filter paper discussed earlier. The filter paper was pre-
dried and weighed along with an aluminum planchet. The pre-diying of the aluminum disk 
and the filter paper involved ignition in a SSO^C oven for 20 minutes and cooling in a desic­
cator. The initial weight of the disk and filter paper were then recorded by weighing in a 
laboratory balance. The samples were then filtered though the filter paper using vacuum 
pump filtration. The filter paper with the captured solids was then placed in a planchet and 
dried for one hour in 103^C oven, cooled in a desiccator and weighed. The planchet and its 
contents were ignited in a SSO^C oven for 20 minutes, cooled and weighed. The total 
suspended solids and volatile suspended solids were calculated using the formula: 
Total suspended solids, mg/L = B-A (4.4) 
Volume of sample, ml 
Volatile suspended solids, mg/L = B-C (4.5) 
Volume of sample, ml 
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where, 
A = Initial weight of filter and planchet, mg 
B = Weight of filter and planchet after drying in a 103°C oven 
C = Weight of filter and planchet after ignition in a 550°C oven 
The accuracy of the suspended solids determined is said to depend on the solids 
content of the sample. Deviation of the results has been found to range fi'om ±S to ±24 mg/L 
or 10 to 33% of true value [American Public Health Association, 1985]. 
7. Gas analysis 
The quantity of gas produced by the reactors was read daily fi'om the wet gas test 
meters. The composition of the biogas was analyzed weekly or bi-weekly and always at 
equilibrium conditions for each substrate concentration and temperature. The biogas 
analyses were performed using gas chromatography (GC). A standard gas having 70% CH^, 
25% CO2, and 5% N2 was used to calibrate the GC for biogas composition. 
The gas samples were obtained fi'om the gas sampling ports located in the gas line of 
the reactor systems. The samples were obtained using a GC syringe (Hamilton gas tight 
#100/TLL syringe) which was inserted into the hollow glass tube system through a rubber 
septum described previously. The syringe was purged with biogas three times for collecting 
the sample. The volume of the sample was 0.9 ml. That is, more than 0.9 ml of samples was 
drawn, but prior to insertion into GC, some of the samples were purged out such that only 0.9 
ml of sample was fed into the GC. The purging was done to prevent any accumulated air on 
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the tip of the syringe fronn being injected into the GC. The operating conditions and parame­
ters for GC operation are shown in Table 27. 
Duplicate samples were analyzed at each time for each reactor. The GC provides the 
percentage of CH^, CO2, and N2 present in the biogas through integration and identification 
of peaks by Nfixima Data Station Software. 
8. Granulation 
Biomass from the reactors were viewed and photographed using Scanning Electron 
Microscope (SEM) after over 300 days of operation. Sample preparation and the SEM 
photographing were performed by the staff of the Civil Engineering Materials Laboratory of 
the Civil Construction Engineering Department, Iowa State University, Ames, Iowa. 
Table 27. Gas chromatograph operating conditions and parameters. 
Parameter Operating Condition 
Gas Chromatograph 
Column 
Packing 
Temperature 
Hewlett Packard 573OA 
6 ft X 3 mm ID stainless steel 
Poropak Q, 80/100 mesh 
Ambient 
Carrier Gas 
Flow Rate 
Column Pressure 
Helium 
30 ml/min 
60 psig 
Detector 
Temperature 
Bridge Current 
Sensitivity 
Thermal Conductivity 
200OC 
150 mA 
10 mA 
Injection Point Temperature 100°C 
Sample Size 0.9 ml 
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V. RESULTS AND DISCUSSION 
The results for the parameters monitored were obtained under pseudo-equilibrium 
conditions during each treatment operation. Pseudo-equilibrium condition was assumed to 
occur when daily gas production was constant, within plus or minus five percent from day to 
day. 
A. Organic Removals 
1. EfTect of temperature on COD removal 
The performance data for the ASBRs operating at various temperatures, HRTs 
and substrate concentrations are shown in Tables 28 through 31. The COD removal at the 
various temperatures, HRT and substrate concentrations was the primary parameter as well as 
the primary indicator used for evaluating the performance of the reactors. Figures 27 and 28 
show stack plots on the effects of temperature on total and soluble COD removals. This 
allows for easy comparison of performance between the HRTs and substrate concentrations. 
The experimental COD removal data are presented in Appendix A. 
As illustrated in Figure 27, performance based on total COD removals was around 
90% at the 48 and 24 hr HRTs across the entire range of temperatures. For the 16 and 12 hr 
HRT reactors, performances were better for all substrate concentrations at 35 and 25°C. 
However, at 20 and 15°C, performance was better at the lower COD concentrations of 600 
and 400 mg/L than at higher COD concentrations of 800 and 1000 mg/L. The poor perfor­
mance at short HRTs and at high substrate concentrations and at the lowest temperatures 
indicated that the substrate utilization rate was being reduced, which resulted in high 
Table 28. COD and BOD5 removal efficiencies for various substrate concentrations and HRTs at 3S^C 
Hydraulic Eflluent COD, mg/L COD Removal, % Eflluent BOD^, mg/L BOD Removal, % 
Retention 
Time/hrs Total Soluble Total Soluble Total Soluble Total Soluble 
Feed COD = 1000 mg/L (BODg = = 490 mg/L) 
48 74 14 93 99 29 4 93 99 
24 90 35 91 97 36 13 92 97 
16 94 50 91 95 38 19 91 96 
12 135 80 87 92 56 31 87 93 
Feed COD = 800 mg/L (BODg = 392 mg/L) 
48 90 33 89 96 36 12 90 97 
24 94 30 86 96 38 11 89 97 
16 95 36 91 96 30 13 92 96 
12 ICQ 67 88 92 40 23 89 94 
Feed COD = 600 mg/L (BOD5 = 294 mg/L) 
48 83 28 87 95 33 10 88 97 
24 88 28 86 96 36 9 87 97 
16 51 23 92 96 19 7 99 97 
12 66 43 89 93 26 16 90 94 
Feed COD = 400 mg/L (BODg = 196 mg/L) 
48 58 16 86 97 23 4 87 97 
24 53 19 86 95 20 6 86 97 
16 44 21 89 95 17 6 90 96 
12 37 23 91 94 13 7 92 96 
Table 29. COD and BOD5 removal efficiencies for various substrate concentrations and JiRTs at 25°C 
Hydraulic Effluent COD, mg/L COD Removal, % Effluent BOD^, mg/L BOD Removal, % 
Retention 
Time/hrs Total Soluble Total Soluble Total Soluble Total Soluble 
Feed COD = 1000 mg/L (BOD^ -= 490 mg/L) 
48 47 19 95 98 18 6 96 99 
24 68 35 94 97 27 12 94 97 
16 236 119 77 89 99 49 78 89 
12 243 125 77 88 102 51 77 89 
Feed COD = 800 mg/L (BODg = 392 mg/L) 
48 55 24 93 97 21 8 94 98 
24 64 26 92 97 25 9 93 98 
16 153 85 81 90 64 34 82 90 
12 161 87 80 89 67 35 81 90 
Feed COD = 600 mg/L (BOD5 -294 mg/L) 
48 54 23 92 96 21 7 92 97 
24 47 20 92 97 18 6 93 98 
16 103 52 85 92 43 20 84 92 
12 101 46 84 93 41 17 85 94 
Feed COD = 400 mg/L (BOD^ = 196 mg/L) 
48 37 18 91 96 13 5 93 97 
24 35 17 92 96 13 5 93 97 
16 58 35 86 92 23 12 87 93 
12 59 32 86 92 23 12 87 94 
Table 30. COD and BOD3 removal efficiencies for various substrate concentrations and HRTs at 20°C 
Hydraulic Eflluent COD, mg/L COD Removal, % Efiluent BOD^, mg/L BOD Removal, % 
Retention 
Time/hrs Total Soluble Total Soluble Total Soluble Total Soluble 
Feed COD = 1000 mg/L (BOD5 = = 490 mg/L) 
48 57 17 94 98 36 5 95 99 
24 81 37 92 96 32 13 93 97 
16 298 184 71 82 126 77 71 83 
12 317 151 69 85 134 62 70 86 
Feed COD = 800 mg/L (BOD5 = 392 mg/L) 
48 61 29 93 97 24 10 93 97 
24 68 31 91 96 30 118 92 97 
16 141 ICQ 83 88 58 40 84 89 
12 212 118 74 86 89 48 75 86 
Feed COD = 600 mg/L (BOD5 = 294 mg/L) 
48 54 26 91 96 21 9 92 97 
24 46 26 93 96 17 9 94 97 
16 95 69 85 89 39 27 85 90 
12 117 86 81 86 48 34 82 87 
Feed COD = ' 400 mg/L (BOD^ = 196 mg/L) 
48 54 24 87 94 21 8 88 96 
24 50 22 88 95 19 7 89 96 
16 57 40 86 90 22 15 87 92 
12 64 45 84 89 25 17 86 90 
Table 31. COD and BOD5 removal efficiencies for various substrate concentrations and HRTs at 15°C 
Hydraulic 
Retention 
Time/hrs 
Effluent COD, mg/L COD Removal, % Effluent BOD^, mg/L BOD Removal, % 
Total Soluble Total Soluble Total Soluble Total Soluble 
48 
24 
16 
12 
48 
24 
16 
12 
48 
24 
16 
12 
48 
24 
16 
12 
86 
131 
86 
98 
149 
86 
62 
116 
121 
64 
54 
75 
81 
Feed COD = 1000 mg/L (BOD5 = 490 mg/L) 
47 
73 
48 
58 
114 
50 
39 
85 
88 
41 
36 
50 
54 
92 
87 
95 
93 
24 
35 
Feed COD = 800 mg/L (BOD^ = 392 mg/L) 
89 94 34 
88 93 40 
82 86 62 
Feed COD = 600 mg/L (BOD^ = 294 mg/L) 
86 92 34 
90 94 24 
81 86 48 
81 86 49 
Feed COD = 400 mg/L (BOD^ = 196 mg/L) 
84 
87 
82 
80 
90 
91 
88 
87 
25 
21 
30 
32 
5 
13 
18 
22 
46 
19 
14 
34 
34 
15 
13 
19 
20 
95 
92 
90 
89 
82 
87 
91 
82 
81 
86 
88 
83 
82 
99 
97 
95 
94 
87 
93 
95 
87 
87 
91 
93 
89 
88 
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Figure 27. Total COD removals various temperatures, HRTs, and substrate concentrations 
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F/M ratio and poor biomass settling. The performance of the low HRT systems illustrated in 
Figure 27 was affected by increase in substrate loading as well as decrease in temperature. 
This is because of the fact that the low HRT systems are associated with high volume of 
influent wastewater as was presented in Table 24. Because of the high hydraulic loading and 
low substrate residence time, the low HRT systems tend to carry high residual substrate 
concentration. 
The performance of the systems was also found to be in agreement with Monod 
kinetic. That is, because the value of for synthetic milk waste is small (Table 15) and the 
substrate concentrations used in the study were also low, then Figure 15 tells us that the 
specific substrate utilization rate is low. The low substrate utilization rate tends to increase 
residual substrate concentration with decrease in temperature due to the reduction in reaction 
rate in accordance to Equation 3.2. 
However, Figure 27 shows that the performance of the reactors was generally good as 
the COD removal at the various substrate concentrations were almost identical considering a 
deviation of about ±14 mg/L (10.8%) for COD testing method. This good performance is 
attributed to high biomass population of the system which compensated for the low specific 
substrate utilization. Treatment at 15°C was not possible at the 12 hr HRT at the higher 
COD concentrations of 1000 and 800 mg/L, and the 16 hr HRT at COD concentration of 
1000 mg/L because of excessive loss of solids in the efHuent. The excess solids loss can be 
attributed to increase of fluid viscosity at low temperature which hindered biomass settling 
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according to Stoke's equation presented earlier. High F/M ratio at high substrate concentra­
tion in the short HRT system also added to the poor biomass settling. 
Figure 28 illustrates soluble COD removals at the various temperatures, HRTs and 
substrate concentrations. Soluble COD removals at the 48 and 24 hr HRTs were in excess of 
90% at all feed concentrations and temperatures ranging from 35°C down to 15°C. Soluble 
COD removal was identical to total COD removal presented in Figure 25 and discussed 
earlier. At the lower HRTs of 16 and 12 hours, the systems performed more poorly than at 
the higher HRTs. This may have been due to high residual substrate concentrations in the 
short HRT systems as a result of high substrate loadings. As Figure 28 shows, soluble COD 
removals for the short HRT reactors were generally in excess of 85%, except for the lowest 
temperature of 15°C. However, at the low 15°C temperature, the ASBR systems were able 
to achieve more than 85% soluble COD removals for the lower COD substrate strengths of 
600 and 400 mg/L. Due to the loss of suspended solids in the effluents, performance based on 
total COD removal was somewhat less than removals based on soluble COD. The experimen­
tal data on COD removals are presented in Appendix A. 
Figures 27 and 28 show that the COD removal efficiency at the 48 and 24 hr HRTs 
were somewhat higher at 25°C and at 20°C than at 35°C. The higher COD removal at 25 
and 20^C at the long HRT reactors may be attributed to the higher level of biomass in the 48 
and 24 hr HRT systems at 25 and 20°C, as shown in Figure 45, which was caused by low 
endogenous decay rate at the lower temperatures. Other researchers (Kiriyama et al., 1992) 
have observed a similar trend with the UASB reactor. They obtained high BOD removal of 
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Figure 28. Soluble COD removal at various temperatures, HRTs, and substrate concentrations 
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79.7% at 23.9°C in comparison to BOD removal of 73.3% at 27.5®C. Figures 27 and 28 
show a drop in COD removal for the long HRT systems (48 and 24 hr) at 15®C. 
The efifect of temperature was more noticeable at the short HRTs of 16 and 12 hours. 
The COD removal efficiency in the short HRT reactors was characterized by gradual 
reduction as temperature was changed from 35°C to lower temperatures of25,20 and 15°C. 
However, the shortest HRT (12 hrs) reactor was still able to achieve total and soluble COD 
removal of 80% and 87%, respectively, at lowest substrate concentration of400 mg/L COD. 
A significant finding observed here is that at low substrate concentration of400 mg/L 
COD, the shortest HRT (12 hr) reactor achieved a total COD removal of 80% even at the 
lowest temperature of 15°C. 
2. Effect of substrate concentration on COD removal 
Figures 29 and 30 present total and soluble COD removal, respectively, at various 
substrate concentrations for the four temperatures and HRTs. Figures 29 and 30 allow one to 
see that the ASBR process has high organic removal efficiency even at a low substrate 
concentration of400 mg/L COD. Figure 29 shows that performance at longer HRTs (48 and 
24 hrs) was practically the same at all four temperatures with a variation of S% or less. 
Figure 29 also shows that the performance of the short HRT reactors was better at 
low substrate strength of400 and 600 mg/L COD in comparison to high substrate concentra­
tions of800 and 1000 mg/L. This may have been the result of high organic loadings at short 
HRTs which caused high residual of organic matter in the short HRT systems. Also, since 
short HRT systems treat high volumes of wastewater per sequence which is associated with 
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Figures 29 and 30 show that temperature had no effect at the long HRTs of 48 and 24 
hrs. Performance at 35°C was basically the same as at 15°C for the 48 and 24 hr HRT 
system. The reason for the equal COD removal in the long HRT systems at temperatures of 
35 and down to 15°C was the low organic loadings, high MLVSS concentrations, and the 
corresponding low F/M ratio in the 48 and 24 hr HRT reactors. The soluble COD removal 
efficiency at the various substrate concentrations illustrated in Figure 30 followed the same 
trends as total COD removal. 
3. EiTect of organic loading rate (OLR) on effluent COD 
The corresponding OLR for the substrate concentrations and HRTs used in this 
research were presented in Table 23. Figures 3 la,b; 32a,b; 33a,b; and 34a,b show effluent 
COD as a function of the systems' orgaiuc loading. 
Figures 3 la,b show total and soluble effluent COD in relation to organic loading at the 
48 hr HRT reactor and at all the temperatures, respectively. Effluent total (Figure 31a) and 
soluble (Figure 3 lb) COD were found to show similar trend at the various organic loadings. 
Figure 31a shows higher total effluent COD at 35°C and at 15°C than at 25 and 20°C. The 
lower effluent COD at 25 and 20°C can be attributed to lower solids content in the effluent as 
at 25 and 20°C for the 48 hr HRT system as presented in Table 34. Both total and soluble 
effluent COD were found to be higher at 15°C due to the reduction of substrate utilization 
rate resulting on the accumulation of residual substrate at lower temperature. Figure 3 la,b 
also show increasing effluent COD with increase in COD loading. This can be attributed to 
increase in residual COD at higher loadings. The effluent COD drops at a loading of 0.5 
144 
90 
H 
« JJ O H 
4J 
a 
9 
9 
H 
50  
• 3 5 * C  
• 2 5 * C  
• 2 0 * C  
• 1 5 * C  
«4 <M H 
30  
0.2 0 .3  0 .4  0 .5  
COD Ifoading, g/L/day 
(a) 
50  
3 5 ' C  
2 5 * C  
2 0 ' C  
1 5 * C  
40  % 
§ 
u 
H 
•i H 
30  
0 
ra 
a 
9 9 rt 
20 
10 
0 . 2  0 .4  0 .3  0 .5  
COD Loading, g/L/day 
(b) 
Figure 31. Effluent COD versus COD loading rate at 48 hr HRT: (a) Effluent total COD, (b) 
Effluent soluble COD 
145 
g/L/day. However, the drop is low in most cases and within the 10.8% statistical deviation 
for COD testings. 
Effluent soluble COD were generally lower than efifluent total COD due to the COD 
content of solids in total COD analysis. Figures 32a,b show total and soluble effluent COD at 
the various organic loading for the 24 hr HRT reactor and at all the temperatures, respec­
tively. Both the total and soluble effluent COD from the 24 hr HRT system were identical at 
25 and 20®C and 35°C. Effluent COD at 15°C tend to be higher due to the reduction of 
substrate utilization rate and biomass settling at lower temperatures. 
Figures 33a,b and 34a,b show identical trend for effluent COD for the 16 and 12 hr 
HRT reactors (short HRT systems). Effluent COD of these two short HRT reactors were 
found to increase with decrease in temperature. The increase in effluent COD with reduction 
in system temperature is attributed to the reduction of substrate utilization rate at lower 
temperature. Figures 33a,b and 34a,b also show increasing effluent COD with increasing 
COD loading for the short HRT reactors. This is attributed to low hydraulic residence time of 
the substrate in the short HRT systems resulting in accumulation of residual substrate 
concentration in the short HRT reactors. 
4. Effect of organic loading rate on percent COD removal 
Figures 35a,b; 36a,b; 37a,b; and 38a,b show percent COD removal based on total 
COD fed to the reactors per day, (organic loading rate; g/l/day) for each of the four HRT 
systems, respectively. 
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Figures 35a,b show COD removal in relation to organic loading at the 48 hr HRT and 
at all the temperatures. The organic loading rates for this system (48 hr HRT reactor) were 
0.2,0.3, 0.4 and 0.5 g/l/day COD, corresponding to substrate concentrations of400, 600, 800 
and 1000 mg/L COD, respectively. COD removal was found to increase as organic loading 
increased. The increase in removal with an increase in organic loading rate can be attributed 
to the effect of increased influent COD on percent COD removal, especially at relatively 
constant effluent COD. 
As Figures 36a,b show, at 24 hr HRT, total COD removal was constant at COD 
loading rate of 0.4, 0.6, 0.8 g/L/day at 35 and 25°C. However, an increase in COD removal 
was observed when COD loading rate was increased to 1 g/L/day due to the effect of increase 
COD loading on percent COD removal. At 20 and 15°C, total COD removals increased as 
COD loading was decreased. A reduction in COD removal was observed at COD loading of 
0.4 g/L/day. The reduction in total COD removal was due to an increase in effluent solids 
promoted by the low temperatures (Figure 48). However, the changes in the COD removal 
were very small and were all within the statistical deviation of about 10 .8% in COD analysis. 
As Figure 36b shows, a similar trend was observed for soluble COD removals. A constant 
soluble COD removal was also observed at 0.6,0.8 and 1.0 g/L/day COD loading. 
Soluble COD removal at the 24 hr HRT was found to drop at a COD loading rate of 
0.4 g/L/day as illustrated in Figure 36b. This seems to be due to the low COD removal rate at 
low substrate concentrations in accordance with Monod's equation (Equation 3.25). 
However, Figure 36a shows that the total COD removal was above 85% at all temperatures 
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and COD loadings, while the corresponding soluble COD removal was above 90%, indicating 
that the system was still efficient even at low substrate concentrations. 
Figures 37a,b and 38a,b show an identical trend for the 16 and 12 hr HRT reactors, 
respectively. Both systems showed a decreasing COD removal with an increase in organic 
loading. The decrease in COD removal by the short HRT systems shows that low substrate 
strength is necessary to maintain proper level of food-to-microorganism ratio in the reactor to 
avoid poor biomass settling. Figures 37a,b and 38a,b show that the maximum organic loading 
load at the lowest temperature of 15°C was 1.2 g/l/day for both the 16 and 12 hr HRT 
reactors. 
Figures 38a,b show that the 12 hr HRT (shortest HRT) ASBR reactor can achieve 
80% total COD and 87% soluble COD removal when treating 400 mg/L COD (about 200 
mg/L BOD2) substrate at the lowest temperature of 15°C. This result demonstrates that the 
ASBR process is suitable for the treatment of low strength wastewaters at ambient tempera­
tures. 
5. Effect of COD loadings on COD removal rates 
Figures 39 through 42 present COD removal rates, g/l/day, for each of the four HRT 
reactors at the various temperatures and organic loadings. These Figures allow one to see the 
amount of pollutant that is removed per liter of reactor volume per day. The relationships 
between organic loading rates and organic removal rates are illustrated in these Figures. COD 
removal rate was found to increase with a decrease in HRT. 
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Figure 39 shows that at the 48 hr HRT reactor, the COD removal rate ranged from a 
low of 0.180 g/L/day at substrate concentration of400 mg/L COD (COD loading of 0.2 
g/l/day) at 15°C to a high of0.493 g/L/day at substrate concentration of 1000 mg/L COD 
(COD loading of 0.5 g/l/day) at 35°C. Figure 40 shows that at 24 hr HRT, the minimum 
COD removal rate was 0.364 g/L/day at substrate concentration of400 mg/L COD (organic 
loading rate of 0.4 g/l/day) at 15°C and a maximum of0.965 g/L/day at substrate concentra­
tion of 1000 mg/L at 25°C. The COD removal rates at both 48 and 24 hr HRTs were almost 
identical at 35,25 and 20°C with a slight reduction at 15^C, the lowest temperature. Figures 
39 and 40 also show linear increase in COD removal (g/L/day) with increasing COD loading. 
This indicates that the 48 and 24 hr HRT systems were carrying a very stable population of 
methanogens. Figures 39 and 40 also show that the 48 and 24 hr HRT reactors were 
removing virtually the same amount of soluble COD at all temperatures and COD loadings. 
Figure 41 and 42 show that at 16 and 12 hr HRT, the minimum COD removal rate 
was 0.525 g/L/day and 0.692 g/L/day, respectively, at substrate concentration of400 mg/L 
COD and at 15°C. The maximum COD removals rate for the 16 and 12 hr HRT reactors 
were 1.425 and 1.84 g/l/day respectively at 35®C and at substrate concentration of 1000 mg/L 
COD (organic loading rate of 1.5 and 2.0 g/l/day respectively). These two short HRT 
systems were also carrying very stable population of methanogens as illustrated by the linear, 
and increasing COD removal rates. The two short HRT systems showed little variation in 
COD removal rates at the various temperatures. This little variation can be attributed to the 
reduction of substrate utilization at lower temperature. 
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5. Effect of HRT on COD removal 
The effect of HRT on total and soluble COD removals is presented on Figures 43 and 
44 respectively. The Figures present the differences in COD removal efficiency at the short 
HRTs (16 and 12 hrs) and long HRTs (48 and 24 hrs) systems, at all temperatures. The high 
efficiency in COD removal at the long HRT can be attributed to the fact long HRT systems 
have sufficient residence time for the substrate to be stabilized than in shorter HRT systems. 
Figures 43 and 44 also show higher COD removal efficiencies at the longer HRTs (48 
and 24 hrs) than at the shorter HRTs (16 and 12 hrs) during the treatment of 800 and 1000 
mg/L COD wastewater. This difference was due to the effect of high organic loading and 
hydraulic pressure on the short HRT systems in comparison to the longer HRT systems. 
Figures 43 and 44 also show that the COD removal efficiencies during the treatment of 
400 and 600 mg/L COD NFDM were higher at the short HRTs (16 and 12 hrs) than at the 
long HRTs (24 and 48 hrs). But the differences were very insignificant, especially when 
considering a 10.8% statistical deviation from the true COD value that is associated with 
COD testing. 
As Figures 43 and 44 show, the 12 hr HRT reactor was not operated at 15°C during 
the treatment of 800 and 1000 mg/L COD substrate. Also, the 16 hr HRT reactor was not 
operated at 15®C during the treatment of 1000 mg/L COD substrate. These were due to 
excessive loss of solids in the effluent. This loss of solids at high substrate concentrations in 
the short HRT systems at 15°C may have been due to several factors. These factors include 
the reduction in substrate removal rate at IS^C which resulted in accumulation of residual 
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substrate in the short HRT systems, especially at high substrate concentrations and at short 
HRTs. Secondly, because fluid viscosity increases by 38% with decrease in temperature from 
35°C to 15° [Davis and Comwell, 1991], This may have contributed to the poor settleability 
of biomass observed at 15°C. 
In comparing the organic removal efiBciency obtained in this study of the ASBR to 
other laboratory studies involving the use of high-rate anaerobic reactors for the treatment of 
low strength wastewaters, it becomes clear that the performance of the ASBR is very eflScient 
in comparison to other high rate processes. Table 32 summarizes the comparisons. 
B. Volatile Fatty Acids 
Volatile fatty acids (VFA) concentrations in the reactors at various temperatures and 
substrate concentrations are shown in Table 33. 
A plot of VFA data as a function of temperature presented in Figure 45 shows that 
VFA concentrations in the systems were very low (maximum of 16 mg/L, as acetic) at the 48 
and 24 hr HRTs across the entire range of temperatures investigated. The low level of VFA 
in the long HRT systems can be attributed to high MLSS and long substrate residence time. 
These two factors allowed the long HRT reactors to maintain lower levels of residual VFA. 
At the shorter HRTs of 16 and 12 hr, VFA concentrations tended to be higher, particularly at 
the lower temperatures of 20 and 15°C, as illustrated in Figures 45. The higher VFA at the 
shorter HRTs and lower temperatures are also reflected in the lower soluble COD removals, 
as was shown in Figure 28. 
Table 32. Comparison of laboratory studies of high-rate anaerobic treatment of low-strength wastewater. 
Reactor/Waste HRT 
(hr) 
Temperature 
®C 
Waste Strength 
imtlU 
Loading 
(e/l/day) 
Percent 
Removal 
Reference 
1. Anaerobic Filter 
- Sewage 
- Sewage 
5 
24 
25-33 
20-35 
166-515 COD 
288 COD 
0.8-2.5 
0.288 
71 
78 
Raman and Khan, 
1978 
Kobayashi et al., 1983 
2. UASB 
- Sewage 
2.6-7.2 
(average) 
9-25 150-590 COD 0.5-4.5 50-90 Sanz and Fdz-
Polanco. 1989 
3. Anaerobic expanded 
bed reactor. 
- Synthetic 
wastewater 
- Sewage 
0.33-6 
0.08-3 
10.20.30 
20 
50-600 COD 
88-186 COD 
0.8-4.8 
0.65-3 
38-90 
80 (max) 
Switzenbaum and 
Jewell, 1980 
Jewell et al.; 1981 
4. Anaerobic Ftuidized 
Bed 
- Synthetic 
wastewater 
- Sewage 
1,1.5 
2.7-26 
13-31 
10-25 
557-700 COD 
150-590 COD 
11.2-13.4 
1.0-4.5 
62,71 
60-90 
Maragno and Cam­
pos, 1992 
Sauz and Fdz-Polan-
co, 1989 
5. ASBR 
- Synthetic 
wastewater 
48 
24 
16 
12 
15.20.25. 35 
15,20,25.35 
15,20,25,35 
15,20,25, 35 
400.600.800.1000 COD 
400,600,800,1000 COD 
400,600,800,1000 COD 
400,600,800,1000 COD 
0.2.0.3,0.4,0.5 
0.4,0.6,0.8,1.0 
0.6,0.9,1.2,1.5 
0.8,1.2,1.6,2.0 
84-95 Total COD 
90-99 Soluble COD 
86-94 Total COD 
91-97 Soluble COD 
71-91 Total COD 
82-96 Soluble COD 
69-91 Total COD 
85-94 Soluble COD 
This Study 
This Study 
This Study 
This Study 
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Table 33. Volatile acids concentrations at various temperatures, HRTs, and substrate 
concentrations 
COD 
Concentration 
mg/L 48 
Reactor (HRT), hrs 
24 16 12 
35°C Treatment 
1000 8 16 24 32 
800 8 12 20 28 
600 8 8 20 24 
400 4 8 16 24 
25®C Treatment 
1000 12 12 44 36 
800 8 12 44 32 
600 8 8 36 28 
400 4 8 20 20 
20®C Treatment 
1000 12 12 44 52 
800 8 12 44 48 
600 8 8 36 48 
400 4 8 20 48 
15°C Treatment 
1000 12 12 ... ... 
800 12 12 32 
600 8 12 28 52 
400 8 8 24 52 
Figure 46 shows a plot of the volatile fatty acids as a function of HRT. The figure 
shows that in comparison to the long HRT systems, the short HRT systems showed increased 
VFA due to the short residence time of substrates in short HRT systems. The short residence 
time of substrate promoted accumulation of intermediate products such as the VFAs. 
166 
1000 mg/L 
800 mg/ L 
600 mg/L 
400 mg/L 
48 hr HRT 
1000 mg/L 
800 mg/L 
600 mg/L 
—X—400 mg/L 
24 hr HRT 
1000 mg/L 
BOO mg/ L 
600 mg/L 
400 mg/L 
16 hr HRT 
12 hr HRT 
1000 mg/L 
mg/L 
mg/L 
X 400 mg/L 
Temperature, °C 
Figure 45. Volatile acids at various temperatures, HRTs, and substrate concentrations 
167 
« w 
cs 
w 
a 
"Sk 
s 
w 
< 
iS 
> 
1000 mg/L 
SOO mg/L 
600 mg/L 
400 mg/L 
35* C 
lOOOtng/L 
BOO mg/L 
600 mg/L 
400 mg/L 
•—1000 mg/L 
aoo mg/L 
 ^ 600 mg/L 
JOOmg^ 
20" C 
# 1000 mg/L 
800 mg/L 
A 600 mg/L 
X 400 mg/L 
15" c 
16 24 
HRT, hrs 
Figure 46. Effect of HRTs on volatile acids concentrations 
168 
Figure 47 illustrates the effect of substrate concentration on VFA concentrations. VFA 
were found to increase as substrate concentration increased. This is due to the fact that the 
high substrate concentrations (high organic loadings) resulted in a high level of production of 
VFAs, especially in short HRT systems, in comparison to long HRT systems where organic 
loadings are low and the residence time for substrate is high. 
The VFA concentrations in the systems were also found to be related to the system 
MLSS and SRT. At short HRTs, the effluent solids concentrations were higher, resulting in 
lower levels of MLVSS and SRT. The VFA concentrations were found to increase with a 
decrease in SRT. Similar results were reported by Dague [1967], Dague found that volatile 
acids lost in the effluent was related to the system SRT and that anaerobic systems having 
long SRTs also contain low VFA levels and vice versa. The implication of this finding is that 
low levels of solids loss results in higher levels of SRT and low levels of volatile acids in the 
reactor. The overall result is a high conversion of organics to methane and a high system 
efficiency. Based on the low level of VFA and the high performance of the ASBR in this 
research, it can be concluded that the ASBR process is a system which selects methanogens 
that can grow and remain active at low levels of VFAs. 
C. Solids and Solids Retention Time 
Effluent suspended solids (SS) data at pseudo-equilibrium conditions are presented in 
Table 34 and are illustrated in Figure 48. Appendix B presents system SS data. The results in 
Table 34 show effluent SS levels ranging fi'om 40 to ISO mg/L across the range of tempera­
tures and HRTs investigated. The SS tended to be higher at higher substrate concentrations 
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Table 34. Effluent solids at various temperatures, HRTs and substrate concentrations 
COD 
Concentration 
mg/L 48 
Reactor (HRT), hrs 
24 16 12 
35®C Treatment 
1000 90 90 110 120 
800 70 60 70 90 
600 80 50 50 50 
400 60 50 30 20 
25®C Treatment 
1000 90 80 120 140 
800 60 60 100 100 
600 70 40 40 40 
400 50 40 40 50 
20®C Treatment 
1000 100 90 110 150 
800 70 70 100 100 
600 70 50 40 50 
400 50 40 30 40 
15®C Treatment 
1000 120 100 — 
800 90 80 150 
600 60 50 40 80 
400 60 50 40 50 
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concentrations 
172 
and at lower HRTs. The higher effluent SS at higher COD concentrations (Figure 49) and at 
lower HRTs (Figure 50) are reflected in lower total COD removals for the lower HRT 
systems at higher substrate concentrations, as shown in Figure 28. The high SS concentra­
tions in the effluent from the lower HRT systems (16 and 12 hr HRTs) eventually led to shut 
down of those two systems at the higher COD concentrations at the lower temperature of 
15®C. 
The pseudo-equilibrium mixed liquor suspended solids (MLSS) and mixed liquor 
volatile suspended solids (MLVSS) for the various operational conditions evaluated are 
shown in Table 35 and illustrated in Figure 51. Appendix C presents experimental MLSS 
data. As the results show, there was some gain in the mixed liquor solids as temperature 
decreased, especially for the 48 and 24 hr HRT. This was due to the decrease in biomass 
endogenous decay rate at the temperature of 25 and 20°C as compared with 35°C. The high 
biomass level was responsible for high COD removals at 25 and 20°C. The 16 and 12 hr 
HRT reactors did not show a noticeable gain in mixed liquor solids. Figure 52 shows that the 
MLSS levels were generally higher in the long HRT systems than in the short HRT systems. 
The effect of HRT on MLVSS is presented in Figure 52. Table 35 and Figure 52 show that as 
HRT decreased, MLVSS also decreased. This result can be attributed to the hydraulic 
pressure applied to the system. Generally, at long HRTs, the hydraulic pressure is low while 
that of short HRTs is high. This was observed to result in high wasting of biqmass in the 
effluent during system start-up as well as during system operation. 
Generally, the MLVSS concentrations of the system were high, ranging from a low of 
5620 mg/L at 12 hr HRT treatment of 1000 mg/L COD substrate at 20°C to a maximum of 
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Table 35. Mixed liquor suspended solids at various temperatures and HRTs 
Substrate 
Concentration 
(COD), mg/L 48 
MLSS MLVSS MLSS 
Reactor (HRT), tan 
24 16 
MLVSS MLSS MLVSS MLSS 
12 
MLVSS 
35® C TREATMENT 
1000 9930 9070 9640 8020 7060 6490 6790 6130 
800 9850 8900 8760 8230 8790 8020 6500 5980 
600 8790 8130 9370 8610 8560 7960 6910 6320 
400 9110 8270 9550 8960 7960 7690 7580 6640 
25® C TREATMENT 
1000 10940 10250 9920 9380 7390 6750 6630 5910 
800 10040 9370 10170 9440 7720 7160 6580 6080 
600 9950 9160 9610 8930 8710 8020 7060 6120 
400 9390 8890 9950 9230 8030 7510 6890 6330 
20®c TREATMENT 
1000 9830 9210 10940 9980 6120 5660 5970 5620 
800 10200 9190 11500 10860 7170 6450 6690 6010 
600 10090 9380 9860 9270 8860 80190 6830 6250 
400 9350 8630 10180 9410 8970 8320 7550 6930 
15®C TREATMENT 
1000 10020 9450 9860 9370 ...... 
800 9570 8490 10520 9780 6200 5850 
600 9010 8130 10060 9360 6970 6480 6760 6140 
400 8890 8260 9180 8570 7460 6820 6570 5960 
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synthetic substrate at various temperatures, HRTs, and substrate concentrations 
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10,860 mg/L at 24 hr HRT treatment of 800 mg/L COD substrate at 20°C. This demon­
strates that the ASBR process is capable of holding high solids in the system during the 
treatment of low strength wastewater. 
The SRT for the various operational conditions of the study can be calculated based 
on the mixed liquor volatile suspended solids (MLVSS) concentration in the reactors and the 
effluent SS losses. The calculated SRT values at pseudo-equilibrium conditions are shown in 
Table 36 and in Figure 53. The data in Table 36 indicate that the ASBR systems were operat­
ing at SRT levels longer than the SRT values suggested by McCarty [1964d] and presented in 
Table 14, especially at 48,24 and 16 hrHRTs. However, at some substrate concentrations 
and temperatures, the systems operated close to the suggested SRT at the 12 hr HRT. That 
is, the operational SRTs were considerably beyond the minimums required to prevent washout 
of the methanogens. 
The effect of HRT on SRT is presented in Figure 54. Figure 54 shows a similar trend 
obtained for the effect of HRT on MLVSS. This is because of the fact that a system SRT is 
dependent on the system MLVSS. Both the MLVSS concentrations and the system SRT 
were lower at short HRTs in comparison to longer HRTs. The shortest SRT obtained was 19 
days at 20°C treatment of 1000 mg/L COD substrate concentration at 12 hr HRT. This 
resulted in the lowest total COD removal of 69% at the operating conditions due to solids lost 
in the effluent. 
Effluent solids contents at 35°C is presented in Figure 55. Treatment studies at 35°C 
started at substrate concentration of 1000 mg/L COD followed by 800, 600 and 400 mg/L 
COD. Figure 55 shows that effluent SS at 35°C and at all four HRTs were generally de­
creasing with the decrease in substrate concentrations. This demonstrates the high efficiency 
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Table 36. Solids retention time (day) at various temperatures, HRTs, and substrate concen­
trations 
COD Reactor (HRT), hrs 
Concentration 
mg/L 48 24 16 12 
35®C Treatment 
1000 202 89 39 26 
800 254 137 76 33 
600 203 172 106 63 
400 276 179 103 111 
25°C Treatment 
1000 228 117 38 21 
800 312 157 48 30 
600 262 223 134 77 
400 356 230 125 64 
20®C Treatment 
1000 184 111 34 19 
800 263 155 43 30 
600 268 185 137 63 
400 345 235 185 87 
15®C Treatment 
1000 158 94 ... — 
800 189 122 26 
600 203 187 108 38 
400 275 171 114 60 
of the ASBR systems used in this research. Effluent SS for 16 and 12 hr HRTs between day 
30 to 53 of operation were high due to effluent SS loss when the two systems were operated 
at 12 and 8 hr HRTs respectively. The two systems were changed to 16 and 12 hr HRT, 
respectively, on the 53rd day of operation. Figure 56 shows the corresponding systems' 
MLVSS at 35OC. 
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Figure 55. Effluent solids data at 35°C 
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Figure 56. System MLVSS data at 35°C 
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Treatment at 2S°C also started with a substrate concentration of 1000 mg/L COD. 
Figure 57 illustrates effluent solids data at 25°C. The trend observed at this temperature was 
similar to that at 35°C. Effluent SS content was found to decrease with decreasing substrate 
concentrations. This could be due to less amounts of organic matter available for conversion 
to biomass at low substrate concentrations. Figure S7 also shows high effluent SS loss in the 
16 and 12 hr HRT reactors at the beginning of treatment at 2S^C due to an instant tempera­
ture drop of 10°C in addition to a change of substrate concentration from 400 mg/L COD at 
the end of 35°C. These changes were found to result in an adverse impact to the stability of 
the short HRT systems due to the resulting poor settling and high effluent SS. 
The MLVSS at 25®C is presented in Figure 58. This Figure shows high levels and non 
decreasing MLVSS concentrations in the systems. The high MLVSS levels at the 25°C, simi­
lar to that at 3S°C, also demonstrate the high efficiency of the ASBR. 
Figure 59 shows effluent solids during treatment at 20°C. Treatment at 20°C started 
at a substrate concentration of 400 mg/L followed by 600, 800, and 1000 mg/L. As shown in 
Figure 59, low effluent solids were observed up through day 378 (end of 600 mg/L COD 
influent concentration). This was followed by an increase in effluent SS due to the increase in 
substrate concentrations. Effluent SS for the 12 hr HRT system was higher at the 20°C treat­
ment of 800 and 1000 mg/L COD wastewater than at 48, 24, and 16 hr HRTs. The systems' 
MLVSS at 20°C is presented in Figure 60. Figure 60 shows increasing MLVSS concentra­
tion for the 48 and 24 hr HRT systems. The MLVSS at 16 and 12 hr HRT was found to 
decrease during the treatment of 1000 mg/L COD substrate at the 20°C. The decrease in the 
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system MLVSS in the short HRT systems was due to SS loss in the effluent. The loss of the 
effluent SS can be attributed to high COD loadings and to the effect of low temperature on 
biomass settleability. 
Figure 61 shows effluent SS at 15°C. Treatment at 15°C started with a substrate 
concentration of400 mg/L followed by 600, 800, and 1000 mg/L COD. Figure 61 shows low 
effluent SS for the 48 and 24 hr HRT reactors which tended to increase due to the increase in 
substrate concentration. Effluent SS for the 16 and 12 hr HRTs was also low at substrate 
concentrations of400 and 600 mg/L COD which covered the period from day 417 through 
day 447. Treatment of 800 mg/L COD substrate concentration at 15°C resulted in high 
effluent SS from the 12 hr HRT reactor. Therefore, treatment at 12 hr HRT at 15°C was 
stopped shortly after the commencement of the treatment of 800 mg/L COD. Similarly, 
treatment at the 16 hr HRT was stopped shortly after the commencement of treatment at 1000 
mg/L COD at 15°C due to excessive solids lost. The systems MLVSS at the 15°C is 
illustrated in Figure 62. The Figure shows that MLVSS concentrations for the 48 and 24 hr 
HRT reactors were generally higher than MLVSS level in the 16 and 12 hr HRTs systems. 
This can be attributed to the high hydraulic pressure applied to the short HRT systems which 
is associated with high biomass wasting in the effluent. 
D. Food-to-Microorganism Ratio 
The F/M ratios for the various temperatures, HRTs, and substrate concentrations are 
shown in Table 37 and in Figure 63. At the 48 and 24 hr HRTs, the F/M ratios were less than 
0.1 at all temperatures and substrate concentrations. This low level of F/M ratio in the long 
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Figure 62. System MLVSS data at 15°C 
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Table 37. Average food to micro-organism ratio at various temperatures, HRTs, and 
substrate concentrations 
COD Reactor (HRT), hrs 
Concentration 
mg/L 48 24 16 12 
35°C Treatment 
1000 0.05 0.11 0.21 0.33 
800 0.05 0.09 0.16 0.26 
600 0.03 0.07 0.12 0.20 
400 0.02 0.05 0.08 0.13 
25®C Treatment 
1000 0.05 0.11 0.22 0.32 
800 0.04 0.09 0.17 0.27 
600 0.03 0.06 0.12 0.19 
400 0.02 0.05 0.08 0.12 
20°C Treatment 
1000 0.05 0.10 0.26 0.35 
800 0.04 0.08 0.18 0.28 
600 0.03 0.06 0,11 0.20 
400 0.02 0.04 0.07 0.12 
15°C Treatment 
1000 0.05 0.10 
800 0.05 0.08 0.20 
600 0.04 0.07 0.13 0.20 
400 0.02 0.05 0.09 0.14 
HRT reactors can be attributed to high level of MLSS in the systems. This shows that the 
systems were operating under high SRTs [Davis and Comwell, 1991]. At the shorter HRTs 
of 16 and 12 hr, the F/M values tended to be higher, ranging from about 0.1 #COD/#MLVSS/ 
day up to slightly above 0.3 #COD/#MLVSS/day for a few operational conditions. However, 
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concentrations 
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the maximum F/M ratio of about 0.3 #COD/#MLVSS/day achieved in this research is low in 
comparison to a maximum F/M ratio of 1.0 #COD/#MLVSS/day required for successflil 
performance of a biological system [Davis and Comwell, 1991]. The low F/M ratio ranging 
from 0.1 #COD/#MLVSS/day to 0.3 #COD/#MLVSS/day show that the systems' MLVSS 
were generally high which resulted in high SRTs and the high performance of the ASBR 
systems observed in this research. 
E. pH and Alkalinity 
The data for pH and alkalinity for the various temperatures, HRTs, and substrate 
concentrations investigated, are presented in Appendix D and E, respectively. The pH adjust­
ment was achieved using 1.0 g NaHC03 as CaC03, to every 1.0 g COD. However, it was 
necessary to adjust the sodium bicarbonate added in an attempt to maintain pH of about 7.0 in 
the systems. As shovm in Appendix D, the system pH was always within the optimal range of 
6.6 to 7.6, while the system alkalinity ranged from 975 to 2025 mg/L, as CaCO^ which are 
within the limits for successful anaerobic treatment [McCarty, 1964b]. 
F. Sulfate Analysis 
Sulfate analyses of the tap water used in preparing the feed solution and the substrate 
were performed twice. Results of the two analyses are presented in Table 38. The results 
show consistent sulfate content in both the tap water and the prepared substrate in the two 
analysis. As Table 38 shows, the sulfate content of the wastewater was mainly from the tap 
water used in preparing the substrate. 
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Table 38. Sulfate content in tap water used in preparing substrate and in the prepared 
substrate 
Parameter Test I Test n Average 
Sulfate in tap water (mg/L as 107 98 103 
SO4) 
Sulfate in synthetic wastewater. 100 111 105 
(mg/L as SO/1) 
The substrate COD concentrations of400, 600, 800 and 1000 mg/L and the sulfate 
content of 105 mg/L as SO4 in the wastewater resulted in COD/sulfate ratio of 3.8, 5.7,7.6 
and 9.5. These ratios were all higher than COD/sulfate ratio of 1.7 which inhibited anaerobic 
treatment in a UASB reactor due to sulfate reduction [Choi and Rim, 1992]. The ratios were 
also above a COD/sulfate ratio of 2.7 which was reported by Choi and Rim [1992] to be the 
minimum COD/sulfate ratio at which methanogens dominate sulfate reducing bacteria. The 
systems were operated at sulfate concentrations that were above the known concentrations at 
which inhibition can occur due to sulfate reduction. 
Results of the sulfate analysis of effluents from the four reactors are presented in Table 
39. The results show about 38% sulfate reduction in the 48 hr HRT reactor, about 26% sul­
fate reduction in the 24 hr HRT reactor, about 24% reduction in the 16 hr HRT reactor and 
only about 3% in the 12 hr HRT reactor. High-rate anaerobic reactors are known to be 
associated with low sulfate reduction, especially at low HRTs [Isa, et al, 1986b]. The results 
of the sulfate analysis show that the ASBR systems were operating with high population of 
methanogenic bacteria and was selecting non-sulfate reducing bacteria, especially the 
methanogens. 
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Table 39. Sulfate content in effluent from ASBR treatment of low strength synthetic 
(NFDM) wastewater 
Sample Efiluent Sulfate Sulfate Reduction 
(mg/L as SO^) % 
Substrate 111 — 
48 Hr HRT reactor effluent 69 38 
24 hr HRT reactor effluent 82 26 
16 hr HRT reactor effluent 84 24 
12 hr HRT reactor effluent 108 3 
G. Gas Production 
The total gas production and methane content of the gas at pseudo-equilibrium condi­
tions are presented in Table 40 and illustrated in Figures 64 and 65, respectively. The daily 
gas production data are also presented in Appendix F. Figures 64 and 65 show a gradual 
decrease in biogass production with decreases in temperature, especially at \5°C. This result 
was due to decrease in organic removal (Figure 28) at the lowest temperature. Table 40 and 
Figures 64 and 65 show increases in gas production with increases in the strength of the 
wastewater. This was due to an increase in organic matter stabilized in the systems, especially 
at 35, 25 and 20OC. 
The relationship between organic loading and methane production is illustrated in 
Figures 66 through 69. The Figures show an increase in methane production with increases in 
orgamc loading for each of the reactors (HRTs). 
Figures 66 through 69 also show that methane production at 35, 25, and 20°C were 
almost identical, especially with decrease in HRT. These resuhs were similar to the systems' 
COD removal efficiency as was shown in Figure 28. 
Table 40. Gas production (liters at STP) at various temperatures, HRTs and substrate concentrations 
Substrate 
Concentration 
(COD, mg/L) 48 24 
Reactor (HRT), hrs 
16 12 
Total gas at 
STP.L 
Methane 
% 
Total gas at 
STP.L 
Methane 
•/. 
Total gas at 
STP.L 
Methane 
•/. 
Total gas at 
STP,L 
Methane 
y. 
35®C Treatment 
1000 1.4 68 3.2 68 4.9 68 7.1 70 
800 1.2 67 2.9 67 3.2 69 5.3 69 
600 0.8 68 1.8 67 2.5 68 4.2 67 
400 0.5 67 1.1 69 1.9 70 2.1 66 
25®C Treatment 
1000 1.2 70 3.5 69 4.7 72 6.8 71 
800 1.0 72 2.3 73 2.8 71 5.0 72 
600 0.7 69 1.6 71 2.1 73 3.7 75 
400 0.5 68 0.9 69 1.5 70 1.9 70 
20^C Treatment 
1000 1.0 67 3.0 68 4.4 69 6.9 70 
800 0.9 69 1.9 70 3.0 71 4.8 67 
600 0.7 69 1.4 69 2.3 70 3.9 71 
400 0.4 68 0.8 70 1.0 68 2.0 69 
15®C Treatment 
1000 0.7 67 2.4 70 
800 0.6 66 1.3 69 2.5 67 
600 0.6 68 0.8 66 1.6 70 2.7 72 
400 0.2 65 0.6 66 0.8 69 1.7 68 
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Figure 64. Total gas production (STP) at various temperatures, HRTs, and substrate 
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Figure 69. Methane production at various organic loading rates at 12 hr HRT 
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The daily gas data presented in Appendix F was also plotted for each of the four 
temperatures and are illustrated in Figures 70 through 80. Figures 70 through 80 present 
ASBR treatment of 1000 mg/L COD wastewater at 35°C. Figure 70 presents gas production 
obtained during the first seventy-six (76) days at 35®C. However, it does not show gas 
production data for the 16 and 12 hr HRT reactor for the first S3 days, because the two 
systems were initially at 12 and 8 hr HRT and were changed to 16 and 12 hr HRT, respec­
tively, on the 53rd day of operation due to excessive loss of solids from the 8 hr HRT reactor. 
As Figure 70 shows, increase in gas production was observed for the 48 and 24 hr HRT 
systems, as the system became acclimated to the substrate and operational conditions. The 
increase in gas production was due to increase in COD removal as the systems became 
acclimated to the operational conditions. 
Figure 71 presents gas production data for day 71 through day 110 of operation at 
35^C. Gas production from the 16 hr HRT reactor showed a quick system stability 
after the system was changed from 12 hr HRT to 16 hr HRT on day 53 after system start-up. 
Figure 71 also shows increased gas production for the 12 hr HRT reactor after the system was 
changed from 8 hr HRT to 12 hr HRT on day 53 after system start-up. 
Figure 72 shows gas production data for day 111 through day 153. This Figure 
presents a relatively constant gas production by the four reactors. 
Figure 73 presents gas production data for day 154 through day 199 during the 
treatment study at 35°C. The plot (Figure 73) presents gas production during the treatment 
of800, 600 and 400 mg/L COD wastewater. Figure 73 shows, the short HRT systems took 
more time to attain equilibrium gas production than long HRT systems after a reduction in 
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Figure 70. Gas production data during the first 70 days of 1000 mg/L COD treatment at 35°C 
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Figure 71. Gas production data for day 71 through 110 during ASBR treatment of 1000 mg/L COD wastewater at 35°C 
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Figure 72. Gas production data for day 111 through day 153 during ASBR treatment of 1000 mg/L COD wastewater at 35°C 
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Figure 73. Gas production data for day 154 through day 199 during ASBR treatment of 800, 600 and 400 mg/L COD wastewater 
at 35°C 
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substrate concentration. This was due to the time required to stabilize residual substrate in the 
long HRT reactors. In comparison to the short HRT systems, less time was required by the 
long HRT systems since residual substrate concentrations in the long HRT reactors were 
minimal. 
The temperature of the incubator which housed the reactors was changed from 35°C 
to 25°C at the end of day 199. Substrate concentration was also changed from 400 mg/L 
COD at the end of treatment study at 35°C to 1000 mg/L COD for the start of treatment 
studies at 25°C. 
Figure 74 presents gas production data for day 200 through day 242 for the first 42 
days of operation during the treatment of 1000 mg/L COD wastewater at 25°C. Figure 74 
shows a gain in gas production for the 48 and 24 hr HRT system due to the increase in 
substrate concentration. The figure also shows that the instantaneous temperature change 
from 35°C to 25°C, along with the increase in substrate concentration from 400 mg/L to 
1000 mg/L COD had no effect on the 48 and 24 hr HRT systems. Figure 74 also shows that 
gas production in the 16 and 12 hr HRT systems dropped after a few days of operation. 
The drop in gas production in the 16 and 12 hr HRT was due to the effect of 10®C 
change in temperature in one setting. Varios strategies were used to correct the impact of the 
temperature change on the short HRT systems. These strategies included the recycling of 
effluent solids, increasing settling time and increasing the systems' HRT. Each of these 
strategies were tried for few days but yielded no good result. Therefore, gas data were not 
taken during this period of operational changes. Ferric chloride was then added as a coagu­
lant to help settle the solids, as discussed earlier. 
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Figure 74. Gas production data for day 200 through day 242 during ASBR treatment of 1000 mg/1 COD wastewater at 25°C 
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Figure 75 illustrates gas production data from day 243 through day 285 during the 
treatment of 1000 mg/L COD wastewater at 25°C. The Figure shows that the long HRT 
systems (48 and 24 hr HRTs) were operating without any problem, as shown by their COD 
removal efficiencies. Figure 75 also shows increase in gas production by the 16 and 12 hr 
HRT systems due to the addition of coagulant (ferric chloride). The ferric chloride helped 
promote the settleability of the biomass and saved the short HRT systems from failing due to 
the adverse effect of the lO^C change in temperature and increase in substrate concentration 
from 400 mg/L to 1000 mg/L COD. 
Figure 76 illustrates gas production during the treatment of 800 mg/L COD waste­
water. A gradual reduction in gas production was observed. This was due to the reduction in 
substrate concentration, as shown in Figure 76. 
Figure 77 illustrates gas production data for day 302 to 340 during the treatment of 
600 and 400 mg/L COD wastewater at 25°C. 
Figure 78 shows gas production for day 341 through day 411 during the treatment at 
20°C. The treatment at 20°C started at a substrate concentration of 400 mg/L COD followed 
by 600,800 and 1000 mg/L COD. This operation resulted in increased gas production due to 
the decrease in substrate concentration. However, the daily gas production was relatively 
steady at each substrate concentration, indicating that the systems were operating under stable 
conditions. 
Figure 79 presents gas production data for day 412 through day 476 during the 
treatment of400, 600, 800 and 1000 mg/L COD wastewater at 15°C. The Figure also shows 
increase in gas production with increase in substrate concentration. Generally, the gas 
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Figure 75. Gas production data for day 243 through day 285 during ASBR treatment of 1000 mg/L COD wastewater at 
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Figure 76. Gas production data for day 286 through day 301 during ASBR treatment of 800 mg/L COD wastewater at 25°C 
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Figure 77. Gas production data for day 302 through day 340 during ASBR treatment of600 and 400 mg/L COD wastewater 
at 25°C 
800 mg/L 
Inf. COD 
600 mg/L 
Inf. COD 
1000 mg/L 
Inf. COD 
400 mg/L 
Inf. COD 
48 hr HRT 
24 fir HRT 
0 :H2 3M 346 34a 350 352 3S4 3» aeo 362 364 366 361 370 372 374 376 3n 380 382 384 386 
Time, days from start-up 
390 3^ 2 3X 3*^ (1 -KU 4U2 401 4oli «« 4IU 
Figure 78. Gas production data for day 341 through day 411 during ASBR treatment of400, 600, 800 and 1000 mg/L COD 
wastewater at 25®C 
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Figure 79. Gas production data for day 412 through day 476 during ASBR treatment of400, 600, 800 and 1000 mg/L COD 
wastewater at 15°C 
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production at 15°C was low due to less organic removal at I5°C. The 12 hr HRT reactor 
was shut off on the second day of operation at substrate concentration of 800 mg/L due to 
poor settling and sudden high levels of solids in the effluent. Similarly, the 16 hr HRT reactor 
was turned off at the beginning of treatment of 1000 mg/L COD wastewater due to sudden 
excessive solids in the effluent. 
The gas data presented show that the reactor systems were operated at very efficient 
conditions. With exception of operational problems which resulted fi-om a temperature 
change of lO^C at one setting, along with a change in substrate concentration from 400 to 
1000 mg/L COD, the performance of the systems show that the ASBR process can adjust 
very efficiently with changes in substrate concentration and temperatures except for the short 
HRT systems at 15°C. However, the short HRT systems achieved above 80% COD removal 
at the low substrate concentrations of600 and 400 mg/L COD at the lowest temperature of 
15°C. These show that short HRT ASBR systems can achieve efficient performance at lower 
temperatures when treating lower strength wastewaters having organic content of 600 mg/L 
COD or less. 
The methane content of the biogas was presented in Table 40. The daily methane 
production is presented in Figures 80 through 89. Figures 80 through 89 show a trend for 
methane production that is identical to that of biogas production presented in Figures 70 
through 79. That is, methane production (liters/day) was found to increase with increase in 
substrate loading. This can be attributed to the increase in COD removal (conversion to 
biogas) with increase in COD loading as was in Figure 3 la,b through 34a,b. 
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The methane data presented in Figures 80 through 89 show that the reactors were 
operating at very efficient conditions, and that the ASBR process is an efficient system for the 
treatment of low strength wastewaters at various temperatures. 
H. Granulation 
Investigation of granulation in the ASBR was not the purpose of this research. 
According to the literature, granulation can occur at substrate loading of about 2 g/L/day 
COD or less. This research was conducted at low organic loadings due to the low substrate 
concentrations used. The maximum COD loading in this research was 0.5 g/L/day at 48 hr 
HRT, 1.0 g/L/day at 24 hr HRT, 1.5 g/L/day at 16 hr HRT and 2 g/L/day at 12 hr HRT, all at 
substrate concentration of 1000 mg/L COD. 
After about 330 days of operation, the biomass in the 16 and 12 hr HRT reactors were 
noticed to be much more discrete than the flocculent biomass observed in the 48 and 24 hr 
HRT systems. Scanning Electron Microscopic (SEM) photos of biomass from the four 
reactors were taken by staff of the Civdl Engineering Material Laboratory, Iowa State 
University, Ames, Iowa. The photographs are presented in Figures 90 through 93 for the four 
HRT systems. Figure 93 shows that the biomass from the 12 hr HRT reactor was more 
discrete with more granular particles than biomass from longer HRT systems. A few granular 
biomass particles were observed in the 16 hr HRT system with little or no granulation 
occurring in the 48 and 24 hr HRT reactors. 
The formation of granules in the short HRT systems shows that higher hydraulic 
pressure of the systems helped in selecting good settling particles and in fostering granulation. 
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Figure 80. Methane production data during the first 70 days of 1000 mg/L COD treatment at 3S°C 
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Figure 81. Methane production data for day 71 through 110 during ASBR treatment of 1000 mg/L COD wastewater at 35°C 
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Figure 82. Methane production data for day 111 through day 153 during ASBR treatment of 1000 mg/L COD wastewater at 
35°C 
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Figure 83. Methane production data for day 154 through day 199 during ASBR treatment of 800, 600 and 400 mg/L COD 
wastewater at 35°C 
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Figure 84. Methane production data for day 200 through day 242 during ASBR treatment of 1000 mg/l COD wastewater at 
25°C 
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Figure 85. Methane production data for day 243 through day 285 during ASBR treatment of 1000 mg/L COD wastewater at 
25°C 
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Figure 86. Methane production data for day 286 through day 301 during ASBR treatment of 800 mg/L COD wastewater at 
25OC 
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Figure 87. Methane production data for day 302 through day 340 during ASBR treatment of600 and 400 mg/L COD 
wastewater at 25°C 
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Figure 88. Methane production data for day 341 through day 411 during ASBR treatment of400,600, 800 and 1000 mg/L 
COD wastewater at 25°C 
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Figure 89. Methane production data for day 412 through day 476 during ASBR treatment of400, 600, 800 and 1000 mg/L 
COD wastewater at 15°C 
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Figure 90. SEM photograph of biomass from the 48 hr HRT reactor 
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Figure 91. SEM photograph of biomass from the 24 hr HRT reactor 
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Figure 92. SEM photograph of biomass from the 16 hr HRT reactor 
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Figure 93. SEM photograph of biomass from the 12 hr HRT reactor 
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Figure 94. SEM photograph of a view of a granule surface from the 12 hr HRT reactor 
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That is, at short HRTs, the hydraulic load causes lighter particles to be washed out of the 
reactor, thereby selecting more rapidly settling floe of particles. 
A SEM photograph of the surface of a granule from the 12 hr HRT is presented in 
Figure 94. The Figure shows the granule particle as composed of various microbial species 
which contributed to the good treatment efficiency of the ASBR systems. 
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VI. APPLICATION AND CONTRIBUTION 
OF TmS RESEARCH 
For research to be meaningful, the findings must show a new contribution to existing 
knowledge and must have the potential for field application. The results of this research 
show, for the first time, that the ASBR process can treat low strength wastewater at various 
temperatures such as 35,25, 20 and 15°C. That is, the ASBR process can be utilized for the 
treatment of various low strength industrial wastewaters as well as municipal wastewaters, 
especially at ambient temperatures without additional heating costs. 
Liquid wastewater has, for a long time, been treated aerobically using the various 
activated sludge processes which are associated with high energy costs and high biological 
sludge production. The development of high-rate anaerobic processes has resulted in the 
application of anaerobic systems for the treatment of various low strength wastewaters. This 
has resulted in energy savings and less sludge production and disposal cost. It was reported 
earlier that the UASB is being applied for the treatment of municipal wastewater at tropical 
countries such as Brazil, Columbia, India and Japan. A comparison of the results obtained in 
this research to results from other studies on high-rate anaerobic reactor treatment of low-
strength wastewater (Table 32) shows that the ASBR process out-performed other high-rate 
anaerobic processes including the UASB. This finding demonstrates that the ASBR is highly 
applicable for the treatment of low-strength wastewater. 
Therefore, I have demonstrated, for the first time, that the ASBR process is applicable 
for the treatment of low-strength wastewater at various temperatures, especially at ambient 
temperatures. 
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vn. CONCLUSIONS 
Conclusions from this research are: 
1. The ASBR process has been demonstrated to be efficient in terms of COD removal 
for the treatment of low strength wastewater at 35,25, 20 and 15°C up to a COD 
loading rate of 1.5 g/L/day. 
2. COD removal efficiency was found to be high at all HRTs and organic loading 
rates during the treatment of400 to 1000 mg/L COD wastewater at 35 and 25°C 
(Tables 28 and 29). 
3. Soluble COD removal at 48 and 24 hr HRT reactors was high (above 90%) at all 
treatment temperatures. Substrate concentrations and organic loading rate had no 
effect on 48 and 24 hr HRT ASBR systems. 
4. The ASBR process achieved high COD removal at low treatment temperatures of 
20 and 15°C at short HRTs (16 and 12 hrs), especially at substrate COD concen­
tration of 600 mg/L and less. 
5. The ASBR treatment of low strength wastewater produced a good effluent quality 
due to low effluent SS content except during 15®C treatment of 800 and 1000 
mg/L COD wastewater at short HRTs. 
6. Volatile fatty acids concentration were generally low during the treatment study at 
all operational conditions except during the treatment of 800 and 1000 mg/L COD 
wastewater in the short HRT (16 and 12 hours) systems at 20 and 15°C due to 
overloading conditions at the short HRTs and at the lower temperatures. 
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Sulfate reduction in the ASBR process was found to be minimal especially at short 
HRTs. 
Results also show that granulation is possible in ASBR treatment of low strength 
wastewaters especially at short HRTs. 
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Vm. RECOMMENDATIONS FOR FURTHER RESEARCH 
1. Studies should be conducted to investigate ASBR treatment of low-strength 
wastewaters at lower HRTs such as 6 and 3 hr HRT. The lowest HRT used in the 
research reported in this dissertation was 12 hr. The results of the research 
reported in this document shows that lower HRTs treatment of substrate COD of 
less than 600 mg/L may be possible. 
2. Studies should be conducted to investigate the feasibility of ASBR start-up at the 
various ambient temperatures. The start-up of the systems reported in this 
dissertation was at 35°C. 
3. Studies should also be conducted to identify microbial species in the ASBR 
granules and ASBR biomass, in general, for confirming microbial selectivity in the 
ASBR process. 
4. Studies should be conducted to evaluate ASBR treatment of sulfate bearing 
wastewaters and to evaluate sulfate reduction during ASBR treatment of the 
sulfate bearing wastewaters. The COD/sulfate ratio in this research was high. The 
source of sulfate in the substrate used was basically from the tap water, therefore, 
it was unlikely that sulfate reduction can inhibit the process. 
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Table A1.1. Total and soluble COD of a 48-hr HRT reactor at 35°C operation 
Date Day Influent Total Effluent ftng/LI Soluble F.ffluent 
COD COD % Removal COD Vo Removal 
1000 mg/L COD (490 mg/L BOD^) 
7/30/92 10 1008 372 63 198 80 
8/10/92 21 1012 296 71 83 92 
8/19/92 30 1000 132 87 57 94 
mim 38 1048 209 80 82 92 
9/3/92 45 1010 116 89 37 95 
9/11/92 53 1005 136 86 82 92 
9/17/92 59 1014 154 85 78 92 
9n.mi 66 1007 182 82 62 94 
10/3/92 75 1019 173 83 95 91 
10/13/92 85 1009 141 86 55 95 
10/27/92 99 1017 147 86 81 92 
11/5/92 108 1028 115 89 63 94 
11/10/92 113 1003 99 90 42 96 
11/15/92 118 1016 89 91 28 97 
11/22/92 125 1008 81 92 20 98 
12/1/92 134 1012 100 90 40 96 
12./10/92 143 1009 92 91 31 97 
12/15/92 148 1005 76 92 12 99 
12/18/92 151 1007 54 95 9 99 
12/20/92 153 1015 93 91 21 98 
800 mg/L COD (392 mg/L BOD^) 
12/21/92 154 809 59 93 30 96 
12/24/92 157 836 92 89 41 95 
12/28/92 161 819 80 90 39 95 
1/1/93 165 835 85 90 23 97 
1/3/93 167 810 93 89 51 94 
1/5/93 169 824 91 89 30 96 
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Table AI. 1 continued 
Date Day Influent Total Effluent (mg/L*) 
COD COD % Removal 
Soluble Effluent fmg/L^ 
COD % Removal 
1/7/93 
1/10/93 
1/13/93 
1/15/93 
1/18/93 
1/20/93 
1/23/93 
1/26/93 
1/30/93 
2/2/93 
2/4/93 
171 
174 
177 
179 
182 
184 
187 
190 
193 
197 
199 
619 
604 
643 
625 
623 
405 
415 
431 
398 
370 
405 
600 mg/L COD (294 mg/L BOD5) 
79 
87 
75 
94 
79 
87 
86 
88 
85 
87 
400 mg/L COD (196 mg/L BOD5) 
68 
75 
85 
60 
57 
57 
83 
82 
80 
85 
85 
86 
30 
35 
20 
31 
33 
23 
20 
33 
20 
15 
12 
95 
94 
97 
93 
95 
94 
95 
92 
95 
96 
97 
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Table A1.2. Total and soluble COD of a 24-hr URT reactor at 35°C operation 
Date Day Influent Total Effluent top/Li Soluble Effluent fm^l 
COD COD % Removal COD % Removal 
7/30/92 10 1008 
1000 mg/L COD (490 mg/L BOD5) 
611 39 345 65 
8/10/92 21 1012 348 66 212 79 
8/19/92 30 1000 206 79 678 93 
8/27/92 38 1048 213 80 111 89 
9/3/92 45 1010 118 88 50 92 
9/11/92 53 1005 103 90 72 93 
9/17/92 59 1014 132 87 101 90 
9/24/92 66 1007 198 80 76 92 
10/3/92 75 1019 196 81 86 92 
10/13/92 85 1009 119 88 62 94 
10/27/92 99 1017 159 84 100 90 
11/5/92 108 1028 131 87 73 93 
11/19/92 113 1003 102 90 59 94 
11/15/92 118 1016 94 91 41 96 
wnwi 125 1008 74 93 39 96 
12/1/92 134 1012 102 90 49 95 
12/10/92 143 1009 99 90 46 95 
12/15/92 148 1005 97 90 38 96 
12/18/92 151 1007 89 91 40 96 
12/20/92 153 1015 83 92 29 97 
12/21/91 154 809 
800 mg/L COD (392 mg/L BOD5) 
80 90 38 95 
12/24/92 157 836 98 88 37 96 
12/28/92 161 819 100 88 41 95 
1/1/93 165 834 103 88 41 95 
1/3/93 167 808 88 89 25 97 
1/5/93 169 824 91 89 25 97 
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Table A1.2. continued 
Date Day Influent Total Eflluent (me/Li 
COD COD % Removal 
Soluble Effluent (mg/L'> 
COD % Removal 
600 mg/L COD (294 mg/L BOD5) 
1/7/93 171 619 90 85 28 
1/10/93 174 604 77 87 37 
1/13/93 177 643 84 86 29 
1/15/93 179 625 99 84 35 
1/18/93 182 623 81 87 19 
400 mg/L COD (196 mg/L BOD5) 
1/20/93 184 405 54 87 18 
1/23/93 187 415 70 83 35 
1/26/93 190 431 54 88 22 
1/30/93 193 398 52 87 24 
2/2/93 197 370 54 85 12 
2/4/93 199 405 54 87 22 
96 
94 
96 
95 
97 
96 
92 
95 
94 
97 
95 
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TableAl.3. Total and soluble COD of a 16-hr HRT reactor at 35°C operation 
Date Day Influent Total Effluent (mg/L'> Soluble Effluent (me/L^ 
COD COD % Removal COD % Removal 
7/30/92 10 1008 
1000 mg/L COD (490 mg/L BODj) 
737 27 422 58 
8/10/92 21 1012 523 48 270 73 
8/19/92 30 1000 360 64 218 78 
8/27/92 38 1048 582 44 260 75 
9/3/92 45 1010 265 74 183 82 
9/11/92 53 1005 266 74 188 81 
9/17/92 59 1014 187 82 110 89 
9/24/92 66 1007 218 78 119 88 
10/3/92 75 1019 216 79 124 88 
10/13/92 85 1010 154 85 99 90 
10/27/92 99 1017 185 82 107 89 
11/5/92 108 1028 162 84 94 91 
11/10/92 113 1003 135 87 73 93 
11/15/92 118 1016 108 89 72 93 
11/22/92 125 1008 89 91 68 93 
12/1/92 134 1012 100 90 60 94 
12/10/92 143 1009 136 86 79 92 
12/15/92 148 1005 85 92 64 94 
12/18/92 151 1007 103 90 42 96 
12/20/92 153 1015 95 91 45 96 
12/21/92 154 809 
800 mg/L COD (392 mg/L BODj) 
75 91 30 93 
12/24/92 157 836 89 89 44 95 
12^8/92 161 819 78 91 37 96 
1/1/93 165 834 106 87 55 93 
1/3/93 167 808 46 94 19 98 
1/5/93 169 824 73 91 34 96 
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Table Al.3. continued 
Date Day Influent Total Effluent fnnz/L*) Soluble Effluent fmg/I,') 
COD COD % Removal COD % Removal 
600 mg/L COD (294 mg/L BOD5) 
1/7/93 171 619 53 91 23 96 
1/10/93 174 604 42 93 16 97 
1/13/93 177 643 50 92 26 96 
1/15/93 179 625 57 91 29 95 
1/18/93 182 623 46 93 14 98 
400 mg/L COD (196 mg/L BOD5) 
1/20/93 184 405 48 88 16 96 
1/23/93 187 415 56 86 22 95 
1/26/93 190 431 57 87 26 94 
1/30/93 193 398 48 88 17 96 
2/2/93 197 370 41 89 22 94 
2/4/93 199 405 44 89 23 94 
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Table A1.4. Total and soluble COD of a 12-hr HRT reactor at 3S°C operation 
Date Day Influent Total Effluent fm|z/L1 Soluble Effluent fmc/L't 
COD COD % Removal COD % Removal 
(1000 mgfL COD (490 mg/LBODs) 
7/30/92 10 1008 675 33 482 52 
8/10/92 21 1012 687 32 360 64 
8/19/92 30 1000 574 43 257 74 
8/27/92 38 1048 629 40 324 69 
9/3/92 45 1010 634 37 362 64 
9/11/92 53 1005 638 36 380 62 
9/17/92 59 1014 435 57 276 73 
9/24/92 66 1007 323 68 249 75 
10/3/92 75 1019 248 76 173 83 
10/13/92 85 1009 218 78 149 85 
10/27/92 99 1017 226 78 162 84 
11/5/92 108 1028 187 82 140 86 
11/10/92 113 1003 189 81 118 88 
11/15/92 118 1016 138 86 80 92 
11/22/92 125 1008 124 88 70 93 
12/1/92 134 1012 151 85 86 91 
12/10/92 143 1009 147 85 99 90 
12/15/92 148 1005 138 86 87 91 
12/18/92 151 1007 115 89 80 92 
12/20/92 153 1015 152 85 71 93 
800 mg/L COD (392 mg/LBOD^) 
12/21/92 154 809 91 89 56 93 
12/24/92 157 836 no 87 62 93 
12/28/92 161 819 105 87 71 91 
1/1/93 165 834 113 87 83 90 
1/3/93 167 808 86 89 59 93 
1/5/93 169 824 100 88 59 93 
Table A1.4. continued 
Date Day Influent Total Effluent fme/LI Soluble Effluent ("me/Li 
COD COD % Removal COD % Removal 
600 mg/L COD (294 mg/L BOD^) 
1/7/93 171 619 58 91 39 94 
1/10/93 174 604 66 89 44 93 
1/13/93 177 643 74 88 53 92 
1/15/93 179 625 56 91 34 95 
1/18/93 182 623 69 89 43 93 
400 mgO^ COD (196 mg/L BOD5) 
1/20/93 184 405 35 91 21 95 
1/23/93 187 415 41 90 19 95 
1/26/93 190 431 44 90 26 94 
1/30/93 193 398 38 91 21 95 
2/2/93 197 370 41 89 28 92 
2/4/93 199 405 31 92 19 95 
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Table A2.1. Total and soluble COD of a 48-hr HRT reactor at 25°C operation 
Date Day Influent Total Effluent (mif/L') Soluble Effluent fnnt/LI 
COD COD % Removal COD % Removal 
1000 mg/L COD (490 mg/L BOD5) 
2/11/93 206 1050 77 93 23 98 
2/14/93 209 1056 58 95 14 99 
3/22/93 245 1017 71 93 11 99 
3/25/93 248 1029 82 92 25 98 
3/27/93 250 1056 38 96 12 99 
3/29/93 252 1041 90 91 31 97 
4/1/93 255 1014 98 90 18 98 
4/4/93 258 1047 75 93 23 98 
4/8/93 262 1013 79 92 38 96 
4/11/93 265 1014 82 92 30 97 
4/14/93 268 1028 88 91 29 97 
4/17/93 271 1015 78 92 15 99 
4/19/93 273 1009 75 93 39 96 
4/22/93 276 1032 63 94 29 97 
4/25/93 279 1025 50 95 18 98 
4/28/93 282 1039 60 94 30 97 
5/1/93 285 1044 32 97 8 99 
5/4/93 288 819 
800 mg/L COD (392 mg/L BOD5) 
43 95 24 97 
5/7/93 291 831 81 90 34 96 
5/10/93 294 806 49 94 22 97 
5/12/93 296 827 49 94 16 98 
5/14/93 298 819 53 94 18 98 
5/17/93 301 810 64 92 38 95 
5/20/93 304 610 
600 mg/L COD (294 mg/L BOD5) 
59 90 26 96 
5/23/93 307 619 48 92 21 97 
5/26/93 310 618 53 91 26 96 
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Table A2.1. continued 
Date Day Influent Total Effluent fmg/L'> 
COD COD % Removal 
Soluble Effluent Cmg/LI 
COD % Removal 
5/28/93 
6/1/93 
6/3/93 
6/5/93 
6/8/93 
6/10/93 
6/13/93 
6/15/93 
6/17/93 
6/20/93 
6/23/93 
6/25/93 
312 
316 
318 
320 
323 
325 
328 
330 
332 
335 
338 
340 
628 
614 
618 
614 
422 
419 
421 
434 
408 
413 
417 
428 
69 
57 
46 
60 
89 
91 
93 
91 
400 mg/L COD (196 mg/L BOD5) 
47 
45 
42 
53 
40 
32 
43 
37 
89 
89 
90 
88 
90 
93 
90 
91 
31 
20 
16 
34 
19 
21 
19 
28 
17 
14 
21 
17 
95 
97 
97 
94 
96 
95 
96 
94 
96 
97 
95 
96 
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Table A2.2. Total and soluble COD of a 24-hr HRT reactor at 25°C operation 
Date Day Influent Total Effluent Soluble Effluent Ting/LI 
COD COD % Removal COD % Removal 
1000 mg/L COD (490 mg/L BOD5) 
2/11/93 207 1050 94 91 41 96 
2/14/93 209 1056 133 87 33 97 
3/22/93 245 1017 100 90 58 94 
3/25/93 248 1029 91 91 33 97 
3/27/93 250 1056 106 90 36 97 
3/29/93 252 1041 108 90 46 96 
4/1/93 255 1014 111 89 36 96 
4/4/93 258 1047 113 89 32 
974/8/93 262 1013 90 91 48 95 
4/11/93 265 1014 110 89 63 94 
4/14/93 268 1028 102 90 34 97 
4/17/93 271 1015 98 90 37 96 
4/19/93 273 1009 88 91 46 95 
4/22/93 276 1032 93 91 35 97 
4/25/93 279 1025 85 92 36 97 
4/28/93 282 1039 44 96 21 98 
5/1/93 285 1044 75 93 47 95 
5/4/93 288 819 
800 mg/L COD (392 mg/L BOD^) 
73 91 27 97 
5/7/93 291 831 63 92 32 96 
5/10/93 294 806 76 91 33 96 
5/12/93 296 827 62 92 26 97 
5/14/93 298 819 83 90 38 95 
5/17/93 301 810 48 94 15 98 
5/20/93 304 6010 
600 mg/L COD (294 mg/L BOD^) 
57 91 23 96 
5/23/93 307 619 42 93 11 98 
5/26/93 310 618 36 92 19 97 
Table A2.2. continued 
263 
Date Day Influent Total Effluent (me/L) Soluble Effluent (mg/L) 
COD COD % Removal COD % Removal 
5/28/93 312 628 48 92 18 97 
6/1/93 316 614 55 91 32 95 
6/3/93 318 618 41 93 9 99 
6/5/93 320 614 44 93 17 97 
400 mg/L COD (196 mg/L BOD^) 
6/8/93 323 422 38 91 20 95 
6/10/93 325 419 33 92 16 96 
6/13/93 328 421 45 89 26 94 
6/15/93 330 434 38 91 19 96 
6/17/93 332 408 45 89 22 95 
6/20/93 335 413 35 91 16 96 
6/23/93 338 417 32 92 14 97 
6/25/93 340 428 39 91 21 95 
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Table A2.3. Total and soluble COD of a 16-hr HRT reactor at 2S°C operation 
Date Day Influent Total Effluent fme/LI Soluble Effluent fmp/LI 
COD COD % Removal COD % Removal 
1000 mg/L COD (490 mg/L BOD5) 
2/11/93 206 1050 403 62 166 84 
2/14/93 209 1056 326 69 164 85 
3/22/93 245 1017 260 74 171 83 
3/25/93 248 1029 238 77 187 82 
3/27/93 250 1056 250 76 172 84 
3/29/93 252 1041 273 74 186 82 
4/1/93 255 1014 262 74 164 84 
4/4/93 258 1047 303 71 181 83 
4/8/93 262 1013 300 70 188 81 
4/11/93 265 1014 280 72 189 81 
4/14/93 268 1028 259 75 166 84 
4/17/93 271 1015 237 77 164 84 
4/19/93 273 1009 209 79 123 88 
4/22/93 276 1032 231 78 127 88 
4/25/93 279 1025 213 79 111 89 
4/28/93 282 1039 236 77 136 87 
5/1/93 285 1044 258 75 112 89 
5/4/93 288 819 
800 mg/L COD 
192 
(392 mg/L BOD5) 
78 96 88 
5/7/93 291 831 176 79 91 89 
5/10/93 294 806 151 81 91 89 
5/12/93 296 827 147 82 78 91 
5/14/93 298 819 166 80 100 88 
5/17/93 301 809 147 82 77 90 
5/20/93 304 610 
600 mg/L COD (294 mg/L BOD5) 
117 81 54 91 
5/23/93 307 619 103 83 60 90 
5/26/93 310 618 98 84 53 91 
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Table 2.3. continued 
Date Day Influent Total Effluent fmg/L') 
COD COD % Removal 
Soluble Effluent (mg/L*) 
COD % Removal 
5I2SI93 
6/1/93 
6/3/93 
6/5/93 
6/8/93 
6/10/93 
6/13/93 
6/15/93 
6/17/93 
6/20/93 
6/23/93 
6/25/93 
312 
316 
318 
320 
323 
325 
328 
330 
332 
335 
338 
340 
628 
614 
618 
614 
422 
419 
421 
434 
408 
413 
417 
428 
99 
106 
116 
92 
84 
83 
81 
85 
400 mg/L COD (196 mg/L BOD5) 
62 
59 
50 
51 
58 
55 
61 
61 
85 
86 
88 
88 
86 
87 
85 
86 
50 
52 
62 
43 
41 
35 
26 
30 
38 
37 
33 
34 
92 
91 
90 
93 
90 
92 
93 
93 
91 
90 
92 
92 
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Table A2.4. Total and soluble COD of a 12-hr HRT reactor at 2S°C operation 
Date Day Influent Total Effluent (me/L) Soluble Eflfluent (TntF/r.'t 
COD COD % Removal COD % Removal 
1000 mg/L COD (490 mg/L BOD5) 
2/11/93 206 1050 371 64 182 83 
2/14/93 209 1056 348 67 187 82 
3/22/93 245 1017 281 72 113 89 
3/25/93 248 1029 267 74 214 79 
3/27/93 250 1056 311 71 220 79 
3/29/93 252 1041 295 72 207 80 
4/1/93 255 1014 291 71 188 81 
4/4/93 258 1047 307 71 194 81 
4/8/93 262 1013 313 69 202 80 
4/11/93 265 1014 329 68 196 81 
4/14/93 268 1028 326 68 206 80 
4/17/93 271 1015 267 74 189 82 
4/19/93 273 1009 313 69 141 86 
4/22/93 276 1032 283 73 130 87 
4/25/93 279 1025 245 76 125 88 
4/28/93 282 1039 234 78 114 89 
5/1/93 285 1044 251 76 136 87 
5/4/93 288 819 
800 mg/L COD (392 mg/L BOD^) 
189 77 103 87 
5/7/93 291 831 156 81 87 90 
5/10/93 294 806 178 78 106 87 
5/12/93 296 827 165 80 97 88 
5/14/93 298 819 129 84 74 91 
5/17/93 301 809 188 77 89 89 
5/20/93 304 610 
600 mg/L COD (294 mg/L BOD5) 
130 79 59 90 
5/23/93 307 619 110 82 62 90 
5/26/93 310 618 104 83 59 90 
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Table 2.4. continued 
Date Day Influent Total Effluent (me/Li Soluble Effluent fmg/L1 
COD COD % Removal COD % Removal 
5/28/93 312 628 106 83 51 92 
6/1/93 316 614 95 85 45 93 
6/3/93 318 618 112 82 57 91 
6/5/93 320 614 95 85 35 94 
400 mg/L COD (196 mg/LBODs) 
6/8/93 323 422 77 87 25 94 
6/10/93 325 419 66 84 33 92 
6/13/93 328 421 65 84 39 91 
6/15/93 330 434 59 86 30 93 
6/17/93 332 408 62 85 35 91 
6/20/93 335 413 61 85 37 91 
6/23/93 338 417 57 86 28 93 
6/25/93 340 428 59 86 32 93 
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Table A3.1. Total and soluble COD of a 48-hr HRT reactor at 20°C operation 
Date Day Influent Total Effluent fme/L') Soluble Effluent fmg/I.') 
COD COD Vo Removal COD % Removal 
enom 345 415 
400mg/L COD (196 mg/L BOD5) 
47 89 26 94 
mm 346 411 57 86 29 93 
7/3/93 348 422 56 87 25 94 
iism 350 414 52 87 20 95 
ii&m 353 419 61 85 35 92 
7/10/93 355 412 52 87 15 96 
7/13/93 358 403 50 88 20 95 
7/17/93 362 615 
600 mg/L COD (294mg/L BODs) 
62 90 35 94 
7/21/93 366 604 57 91 29 95 
7/23193 368 612 61 90 23 96 
inim 372 623 63 90 29 95 
7/30/93 374 612 52 92 26 96 
8/2/93 378 618 49 92 23 96 
%nm 383 819 
800 mg/L COD (392 mg/L BOD^) 
74 91 27 97 
8/10/93 386 825 69 92 38 95 
8/14/93 390 823 62 94 23 97 
mim 393 827 74 91 33 96 
8/19/93 395 817 55 93 23 97 
8/22/93 398 824 54 93 31 96 
8/24/93 400 1036 
1000 mg/L COD (196 mg/L BOD^) 
54 95 28 97 
8/27/93 ' 403 1032 27 95 17 98 
8/30/93 406 1017 56 94 8 99 
912193 409 1026 54 95 18 98 
9/4/93 411 1033 63 94 23 98 
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Table A3.2. Total and soluble COD of a 24-hr HRT reactor at 20°C operation 
Date Day Influent Total Effluent fme/LI Soluble Effluent 
COD COD % Removal COD % Removal 
400 mg/L COD (196 mg/L BOD5) 
6/30/93 345 415 62 85 35 91 
7/1/93 346 411 50 88 28 93 
7/3/93 348 422 48 89 22 95 
7/5/93 350 413 50 88 26 94 
7/8/93 353 419 49 88 24 94 
7/10/93 355 412 58 86 22 95 
7/13/93 358 403 44 89 20 95 
7/17/93 362 615 
600 mg/L COD (294 mg/L BOD5) 
56 91 29 95 
7/21/93 366 604 57 91 31 95 
7/23/93 368 612 51 92 24 96 
7/27/93 372 623 44 93 25 96 
7/30/93 375 612 51 92 30 95 
8/2/93 378 618 44 93 24 96 
8/7/93 383 819 
800 mg/L COD (392 mg/L BOD5) 
65 92 37 95 
8/10/93 386 825 59 93 31 96 
8/14/93 390 823 67 92 25 97 
8/17/93 393 827 76 91 35 96 
8/19/93 395 817 71 91 25 97 
8/22/93 398 824 80 90 34 96 
8/24/93 400 1036 
1000 mg/L COD (490 mg/L BOD5) 
81 92 28 97 
8/27/93 403 1032 83 92 31 97 
8/30/93 406 1017 83 92 33 97 
9/2/93 409 1026 89 91 50 95 
9/4/93 411 1033 72 93 27 97 
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Table A3.3. Total and soluble COD of a 16-hr HRT reactor at 20°C operation 
Date Day Influent Total Effluent (m^\ Soluble Effluent (melVt 
COD COD % Removal COD % Removal 
400 mg/L COD (196 mg/L BOD5) 
6/30/93 345 415 71 83 58 86 
7/1/93 346 411 69 83 55 
87 
inm 348 422 67 84 47 89 
7/5/93 350 413 66 84 45 89 
im-i 353 419 59 86 43 90 
7/10/93 355 412 59 86 44 90 
7/13/93 358 403 53 87 38 91 
7/17/93 362 615 
600 mg/L COD (294 mg/L BOD5) 
87 86 56 91 
in.\m 366 604 92 85 63 90 
imm 368 612 86 86 58 91 
7/27/93 372 623 99 84 74 88 
7/30/93 375 612 88 86 62 90 
mBz yi% 618 99 84 70 89 
%nm 383 819 
800 mg/L COD (392 mg/L BOD5) 
133 84 104 87 
8/10/93 386 825 153 81 113 86 
8/14/93 390 823 151 82 111 86 
8/17/93 393 827 144 83 103 88 
8/19/93 395 817 138 83 100 88 
%ri'2m 398 824 140 83 97 88 
8/24/93 400 1036 
1000 mg/L COD (490 mg/L BOD^) 
255 75 164 84 
mim 403 1032 298 71 184 82 
8/30/93 406 1017 299 71 199 80 
9/2/93 409 1026 301 71 182 82 
9/4/93 411 1033 293 72 169 84 
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Table A3.4. Total and soluble COD of a 12-hr HRT reactor at 20°C operation 
Date Day Influent Total Effluent fme/L') Soluble Effluent (me/L) 
COD COD % Removal COD % Removal 
6/30/93 345 415 
400 mg/L COD (196 
76 
mg/LBODj) 
82 62 85 
7/1/93 346 411 72 82 52 87 
7/3/93 348 422 69 84 52 88 
7/5/93 350 413 63 85 44 89 
7/8/93 353 419 63 85 41 90 
7/10/93 355 412 66 84 53 87 
7/13/93 358 403 64 84 41 90 
nxim 362 615 
600 mg/L COD (294 mg/L BOD^) 
100 84 79 87 
7/21/93 366 604 108 82 81 87 
imm 368 612 113 81 77 87 
inim 372 623 124 80 93 85 
7/30/93 375 612 115 81 78 87 
8/2/93 378 618 112 82 86 86 
8/7/93 383 819 
800 mg/L COD (392 mg/L BOD5) 
192 77 116 87 
8/10/93 386 825 216 74 121 85 
8/14/93 390 823 222 73 126 85 
8/17/93 393 827 210 75 125 85 
8/19/93 395 817 204 75 113 86 
8/22/93 398 824 221 73 117 86 
1000 mg/L COD (490 mg/L BOD5) 
8/24/93 400 1036 284 73 164 84 
8/27/93 403 1032 307 70 168 84 
8/30/93 406 1017 304 70 153 85 
912192 409 1026 324 68 150 84 
9/4/93 411 1033 324 69 150 86 
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Table A4.1. Total and soluble COD of a 48-hr HRT reactor at 15°C operation 
Date Day Influent Total Effluent Cm g/Lt Soluble Effluent (me/L't 
COD COD % Removal COD % Removal 
9/10/93 417 409 
400ing/L COD (196 mg/L BOD5) 
57 86 33 92 
9/13/93 420 418 64 85 45 89 
9/15/93 422 429 64 85 39 91 
9/18/93 425 413 67 84 43 90 
9/20/93 427 409 62 85 41 90 
9/23/93 430 413 68 84 46 89 
9/26/93 433 406 61 85 36 91 
9/29/93 436 615 
600 mg/L COD (294mg/L BOD5) 
99 84 62 90 
10/1/93 438 609 85 86 51 92 
10/3/93 440 620 85 86 48 92 
10/7/93 444 624 90 86 56 91 
10/10/93 447 611 82 87 46 92 
10/13/93 450 826 
800 mg/L COD (392 mg/L BOD5) 
83 90 44 95 
10/17/93 454 804 89 89 57 93 
10/19/93 456 816 82 90 42 95 
10/21/93 458 811 90 89 50 94 
10/23/93 460 813 86 89 51 94 
10/27/93 464 1010 
1000 mg/L COD (196 mg/L BOD5) 
112 89 54 95 
10/29/93 466 1006 126 87 49 95 
10/31/93 468 1017 153 85 72 93 
11/2/93 470 1023 103 90 51 95 
11/5/93 473 1014 85 92 42 96 
11/8/93 476 1006 71 93 47 95 
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Table A4.2. Total and soluble COD of a 24-hr HRT reactor at 15°C operation 
Date Day Influent Total Effluent (me/L) Soluble Effluent (me/L) 
COD COD % Removal COD % Removal 
9/10/93 417 409 
400 mg/L COD (196 mg/L BOD5) 
48 88 28 93 
9/13/93 420 418 51 88 34 92 
9/15/93 422 429 60 86 43 90 
9/18/93 425 413 59 86 40 90 
9/20/93 427 409 57 86 36 91 
9/23/93 430 413 52 87 33 92 
9/26/93 433 406 54 87 39 90 
9/29/93 436 615 
600 mg/L COD (294 mg/L BOD5) 
67 89 42 93 
10/11/93 438 609 68 89 36 94 
10/3/93 440 620 63 90 44 93 
10/7/93 444 624 64 90 40 94 
10/10/93 447 611 59 90 33 95 
10/13/93 450 826 
800 mg/L COD (392 mg/L BOD5) 
92 89 53 94 
10/17/93 454 804 81 90 48 94 
10/19/93 456 815 102 87 54 93 
10/21/93 458 811 99 88 61 93 
10/23/93 460 813 94 89 59 93 
1000 mg/L COD (490 mg/L BOD5) 
10/27/93 464 1010 127 87 62 94 
10/29/93 466 1006 137 86 89 91 
10/31/93 468 1017 131 87 74 93 
11/2/93 470 1023 118 89 65 94 
11/5/93 473 1014 142 86 84 92 
11/8/93 476 1006 133 87 71 93 
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Table A4.3. Total and soluble COD of a 16-hr HRT reactor at 15°C operation 
Date Day Influent Total Effluent Cme/L') Soluble Effluent fmg/LI 
COD COD % Removal COD % Removal 
400 mg/L COD (196 mg/L BOD5) 
9/10/93 417 409 71 83 44 89 
9/13/93 420 418 81 81 53 87 
9/15/93 422 429 84 80 56 87 
9/18/93 425 413 78 81 49 88 
9/20/93 427 409 78 81 54 87 
9/23/93 430 413 70 83 47 89 
9/26/93 433 406 77 81 50 88 
9/29/93 436 615 
600 mg/L COD (294 mg/L BOD5) 
148 76 93 85 
10/1/93 438 609 126 79 82 86 
10/3/93 440 620 123 80 88 86 
10/7/93 444 624 114 82 87 86 
10/10/93 447 611 113 82 80 87 
10/13/93 450 826 
800 mg/L COD (392 mg^ BOD5) 
175 79 135 84 
10/17/93 452 804 164 80 116 86 
10/19/93 454 815 157 81 115 86 
10/21/93 456 811 145 82 113 86 
10/23/93 458 813 145 82 114 86 
10/27/93 464 1010 
1000 mg/L COD (490 mg/L BOD5) 
298 70 183 82 
10/29/93 466 1006 377 63 268 73 
10/31/93 468 1017 
11/2/93 470 1023 
11/5/93 473 1014 
11/8/93 476 1006 
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Table A4.4. Total and soluble COD ofa 12-hr HRT reactor at 15°C operation 
Date Day Influent Total Effluent fme/L') Soluble Effluent fmp/r.'> 
COD COD % Removal COD % Removal 
400 mg/L COD (196 mg/L BOD5) 
9/10/93 417 409 90 78 56 86 
9/13/93 420 418 101 76 64 85 
9/15/93 422 429 87 80 59 86 
9/18/93 425 413 79 81 57 86 
9/20/93 427 409 77 81 54 86 
9/23/93 430 413 83 80 49 88 
9/26/93 433 406 83 80 58 86 
9/29/93 436 615 
600 mg/L COD (294 mg/L BOD^) 
141 77 87 86 
10/1/93 438 610 132 79 79 87 
10/3/93 440 629 129 79 95 85 
10/7/93 444 617 119 81 85 86 
10/10/93 447 620 114 81 85 88 
10/13/93 450 826 
800 mg/L COD (392 mg/L BOD5) 
276 67 174 79 
10/17/93 454 804 294 60 188 77 
10/19/93 456 815 
10/21/93 458 811 
10/23/93 460 813 
1000 mg/L COD (490 mg/L BOD^ 
10/27/93 464 1010 
10/29/93 466 1006 
10/31/93 468 1017 
11/2/93 470 1023 
11/5/93 473 1014 
11/8/93 476 1006 
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APPENDIX B. EFFLUENT SOLIDS DATA 
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Table B1. Effluent solids at 35°C operation 
Date Day 
TSS 
48 
VSS TSS 
Reactor (HRT), hrs 
24 16 
VSS TSS VSS 
12 
TSS VSS 
1000 mg/L COD (490 mg/L BOD5) 
7/30/92 10 150 130 180 160 210 180 230 210 
8/10/92 21 130 no 160 130 170 140 190 160 
8/19/92 30 120 100 190 170 140 120 130 110 
9/3/92 45 180 170 160 140 220 190 240 210 
9/11/92 53 190 170 180 170 360 340 310 280 
9/17/92 59 170 140 110 90 150 130 190 150 
9/24/92 66 110 90 100 90 120 100 150 130 
10/3/92 75 120 100 90 80 110 90 180 150 
10/13/92 85 160 150 110 90 180 160 140 120 
10/27/92 99 90 70 80 70 110 80 100 80 
11/5/92 108 120 100 110 90 120 100 140 130 
11/10/92 113 100 90 100 80 100 90 140 110 
11/22/92 125 80 70 110 100 80 70 130 110 
12/1/92 134 60 50 80 70 120 100 150 130 
12/15/92 148 110 90 120 70 110 80 140 120 
12/18/92 151 80 70 90 80 120 120 130 110 
12/20/92 153 100 90 110 90 130 110 140 120 
800 mg/L COD (372 mg/L BOD^ 
12/21/92 154 100 90 90 80 110 90 100 90 
12/24/92 157 80 70 100 90 90 80 110 100 
12/28/92 161 90 80 70 60 70 60 90 80 
1/1/93 165 80 70 80 60 80 70 100 90 
1/3/93 167 70 60 70 50 60 50 80 70 
1/5/93 169 80 70 70 60 90 70 100 90 
600 mg/L COD (294 mg/L BOD5) 
1/7/93 171 70 60 50 40 50 40 70 60 
1/10/93 174 80 70 70 60 70 60 80 70 
1/13/92 177 90 80 50 40 50 40 50 40 
1/15/93 179 70 60 70 60 60 50 70 60 
1/18/93 182 90 80 60 50 60 50 70 50 
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Table BI continued 
Date Day Reactor (HRT), hrs 
48 24 16 12 
TSS VSS TSS VSS TSS VSS TSS VSS 
400 mg/L COD (196 mg/L BOD5) 
1/20/93 184 60 50 60 50 60 50 60 50 
1/23/93 187 70 60 50 40 50 40 40 30 
1/26/93 190 50 40 80 70 60 50 40 30 
1/30/93 193 50 40 50 40 50 40 50 20 
2/2/93 197 70 50 60 50 40 30 60 20 
2/4/93 199 80 60 70 50 60 50 40 20 
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Table B2. Effluent solids at 2S°C operation 
Date Day Reactor (HRT), hrs 
48 24 16 12 
TSS VSS TSS VSS TSS VSS TSS VSS 
2/11/93 206 60 50 
1000 mg/L COD (490 raf/L BOD5) 
80 70 520 450 560 500 
2/14/93 209 90 80 60 50 590 520 540 510 
4/11/93 265 80 70 80 60 200 180 250 230 
4/14/93 268 100 90 100 90 110 90 180 160 
4/17/93 271 140 110 180 160 220 180 290 210 
4/19/93 273 110 90 90 80 90 80 130 110 
4/22/93 276 90 80 120 100 110 90 150 120 
4/25/93 279 100 80 70 60 130 110 130 120 
4/28/93 282 120 100 100 90 120 100 140 110 
5/1/93 285 110 90 90 80 140 120 160 140 
5/4/93 288 70 60 
800 mg/L COD (372 mg/L BOD5) 
80 70 110 90 100 80 
5/7/93 291 90 80 90 80 80 60 90 80 
5/10/93 294 60 50 90 80 90 70 100 80 
5/12/93 296 70 60 60 50 100 80 90 70 
5/14/93 298 60 50 90 70 110 90 110 90 
5/17/93 301 80 60 70 60 120 100 120 100 
5/20/93 304 90 70 
600 mg/L COD (294 mg/L BOD5) 
90 80 120 100 100 90 
5/23/93 307 70 60 60 40 90 70 90 80 
5/26/93 310 70 60 80 70 60 50 80 70 
5/28/93 312 90 80 70 60 50 40 60 50 
6/1/93 316 60 50 50 40 60 50 50 40 
6/3/93 318 80 70 60 50 40 30 70 60 
6/5/93 320 90 70 50 40 50 40 90 40 
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Table B2. continued 
Date Day Reactor (HRT), hrs 
48 24 16 12 
TSS VSS TSS VSS TSS VSS TSS VSS 
400 mg/L COD (196 mg/LBOD^ 
6/8/93 323 50 40 80 60 70 50 50 40 
6/10/93 325 40 30 60 50 80 60 60 40 
6/13/93 328 40 30 40 30 50 30 40 30 
6/15/93 330 50 40 60 50 50 40 50 40 
6/17/93 332 70 60 40 30 70 60 80 60 
6/20/93 335 40 30 60 50 50 40 40 30 
6/23/93 338 50 40 50 40 40 30 60 50 
6/25/93 340 60 50 50 40 50 40 70 50 
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Table B3. EfQuent solids at 20°C operation 
Date Day Reactor (HRT), hrs 
48 24 16 12 
TSS VSS TSS VSS TSS VSS TSS VSS 
400 mg/L COD (490 mg/L BOD5) 
6/30/93 345 50 40 60 50 40 30 50 40 
7/1/93 346 50 40 70 60 50 40 40 30 
7/3/93 348 60 50 50 40 60 50 60 50 
7/5/93 350 70 60 50 40 40 30 40 30 
7/8/93 353 40 30 60 50 60 50 50 40 
7/10/93 355 50 40 60 40 40 30 40 30 
7/13/93 358 60 50 50 40 40 30 60 40 
600 mg/L COD (294 mg/L BOD5) 
7/17/93 362 50 40 50 40 40 30 50 40 
7/21/93 366 60 50 50 40 50 40 40 30 
7/23/93 368 50 40 40 30 60 50 50 40 
7/27/93 372 70 60 50 40 40 30 40 30 
7/30/93 375 60 50 60 50 50 40 50 40 
8/2/93 378 80 70 60 50 60 40 60 50 
800 mg/L COD (372 mg/L BOD5) 
8/7/93 383 60 50 60 50 80 70 90 60 
8/10/93 386 80 60 60 50 100 90 80 70 
8/19/93 395 60 50 70 60 100 80 100 80 
8/22/93 398 80 70 80 70 110 100 120 100 
1000 mg/L COD (294 mg/L BOD5) 
8/24/93 400 120 110 80 70 100 80 150 140 
8/27/93 403 100 90 90 80 110 90 140 130 
9/4/93 406 110 100 100 90 130 110 160 150 
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Table B4. Effluent solids at 1S°C ASBR treatment of milk wastewater 
Date Day Reactor (HRT), hrs 
48 24 16 12 
TSS VSS TSS VSS TSS VSS TSS VSS 
400 mgfL COD (196 mg/L BODj) 
9/10/93 417 80 70 70 60 60 50 60 50 
9/13/93 420 60 50 80 60 40 30 50 40 
9/15/93 422 40 30 50 40 60 50 60 50 
9/18/93 425 60 50 60 50 40 30 60 50 
9/20/93 427 70 60 50 40 60 50 70 60 
9/23/93 430 80 60 60 50 50 40 60 50 
9/29/93 436 80 70 
600 mg/L COD (294 mg/LBODs) 
60 50 50 40 60 50 
10/1/93 438 60 50 70 60 60 50 90 70 
10/3192 440 90 80 50 40 60 50 80 70 
10/7/93 444 70 60 60 50 50 40 100 80 
10/13/93 450 70 60 
800 mg/L COD (392 mg/L BOD5) 
70 60 110 90 130 110 
10/17/93 454 80 70 90 80 120 100 210 190 
10/19/93 456 100 80 80 70 150 130 
10/23/93 460 110 90 90 80 170 150 
10/27/93 464 100 90 
1000 mg/L COD (294 mg/L BOD5) 
140 110 240 210 
10/29/93 466 120 100 100 90 290 260 
10/31/93 468 140 120 110 90 
11/2)^ 3 470 120 100 90 80 
11/5/93 473 110 90 120 100 
11/8/93 476 140 120 110 100 
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APPENDIX C. MIXED LIQUOR SOLIDS DATA 
Table CI. Mixed liquor solids at 3S*^C operation 
bate Day Reactor (HRT), hrs 
48 24 16 12 
MLSS MLVSS MLSS MLVSS MLSS MLVSS MLSS MLVSS 
8/19/92 30 7280 6980 
1000 mg/L COD (471 mg/L BOD5) 
9000 7860 3880 3430 3120 2640 
9/3/92 45 8460 7090 9740 9070 4550 4170 2980 2090 
9/11/92 53 8780 8320 10170 8660 3980 3310 2810 2160 
9/17/92 59 9490 8050 7960 6920 6010 5600 7430 6310 
9/24/92 66 8820 8130 8710 8180 5840 5410 6350 5910 
10/3/92 75 7140 6730 9990 9140 5380 4940 4610 4130 
10/13/92 85 9910 8410 9730 8910 6850 6200 5160 4720 
10/27/92 99 8040 7620 10900 10130 6990 6480 5980 5500 
11/5/92 108 9800 9370 9730 9260 6120 6870 6510 6170 
11/10/92 113 9760 9380 9320 8750 5450 4860 6130 5540 
11/22/92 125 9360 8160 9810 8390 6070 5530 5720 5140 
12/1/92 134 10910 9720 10690 9680 7780 7210 6890 6080 
12/15/92 148 9890 9560 9940 9190 6810 6080 6560 5810 
12/18/92 151 10070 8080 10280 9340 6600 6170 5940 5300 
12/20/92 153 9930 9070 9640 8020 7060 6490 6790 6130 
12/28/92 161 9030 
800 mg/L COD (392 mg/L BOD5) 
8230 9820 9080 8350 7110 7160 6720 
1/5/93 169 9850 8900 8760 8230 8790 8020 6500 5980 
1/10/93 174 9560 9080 
600 mg/L COD (294 mg/L BOD5) 
8990 8450 7910 7340 6290 5740 
1/18/93 182 8790 8130 9370 8610 8560 7960 6910 6320 
1/20/93 184 9670 9250 
400 mg/L COD (196 mg/L BOD5) 
8780 8300 7890 7440 6870 6390 
1/26/93 190 9410 8970 8530 8160 8410 7900 6430 6080 
2/4/93 199 9110 8270 9550 8960 7960 7690 7580 6640 
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Table C2. Mixed liquor solids at 2S°C operation 
bate Day Reactor (HRT), hrs 
48 24 16 12 
MLSS MLVSS MLSS MLVSS MLSS MLVSS MLSS MLVSS 
1000 mg/L COD (471 mg/L BOD5) 
3/27/93 250 9570 8990 9640 9060 6660 6100 6240 5810 
4/4/93 258 9630 9240 10710 9450 7170 6430 6970 6170 
4/11/93 265 10080 9270 9990 9090 6910 6360 7250 6430 
4/19/93 273 9530 8490 10200 9170 7540 6960 7190 6500 
4/28/93 282 10940 10250 9920 9380 7390 6750 6630 5910 
5/7/93 291 9900 9350 
800 mg/L COD (392 
10370 9690 
mg/L BOD^ 
7480 7020 6610 6250 
5/14/93 298 10040 9370 10170 9440 7720 7160 6580 6080 
5/23/93 307 10270 9770 
600 mg/L COD (294 mg/L BOD5) 
10740 10120 8260 7830 7180 6390 
6/3/93 318 9950 9160 9610 8930 8710 8020 7060 6120 
6/10/93 325 10860 10210 
400 mg/L COD (196 mg/L BOD5) 
10070 9460 8060 7450 7640 7160 
6/17/93 332 9020 8130 9650 8630 7920 7550 6910 6690 
6/23/93 338 9390 8890 9950 9230 8030 7510 6890 6330 
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Table C3. Mixed liquor solids at 20°C operation 
Date Day Reactor (HRT), hrs 
48 24 16 12 
MLSS MLVSS MLSS MLVSS MLSS MLVSS MLSS MLVSS 
400 mg/L COD (471 ing/LBOD5) 
7/1/93 346 9570 9130 10720 9990 8650 8210 6990 6570 
7/5/93 350 8730 8180 9930 9290 8220 7870 7190 6780 
7/13/93 358 9350 8630 10180 9410 8970 8320 7550 6930 
7/21/93 366 9260 8890 
600 mg/L COD (392 mg/L BOD^ 
10720 9640 8300 7500 7090 6530 
7/30/93 375 10090 9380 9860 9270 8860 8190 6830 6250 
8/10/93 386 10620 9550 
800 mg/L COD (294 mg/LBODj) 
10320 9920 7260 6980 6120 5690 
8/19/93 395 10200 9190 11500 10860 7170 6450 6690 6010 
8/27/93 403 10070 9640 
1000 mg/L COD (196 mg/L BOD5) 
10860 10210 6560 6140 6230 5980 
9/4/93 411 9830 9210 10940 9980 6120 5660 5970 5620 
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Table C4. Mixed liquor solids at 1 S°C operation treating milk wastewater. 
Date Day Reactor (HRT), hrs 
48 24 16 
MLSS MLVSS MLSS MLVSS MLSS MLVSS 
400 mg/L COD (195 mg/L BOD )^ 
9/13/93 420 9620 9080 10470 9890 6480 6050 
9/18/93 425 8610 9270 9510 9030 7090 6310 
9/23/93 430 8890 8260 9180 8570 7460 6820 
10/1/93 438 9080 8500 
600 mg/L COD (294IIIK/L BOD5) 
9590 9110 7630 6990 
10/7/93 444 9010 8130 10060 9360 6970 6480 
10/17/93 454 9180 8720 
800 mg/L COD (392 mg/L BOD j) 
10960 10100 6540 6060 
10/23/93 460 9570 8490 10520 9780 6200 5850 
10/29/93 466 9670 9030 
1000 mg/L COD (490 mg/L BOD5) 
10310 9580 
11/8/93 476 10020 9450 9860 9370 
12 
MLSS MLVSS 
6190 5810 
6540 6080 
6570 5960 
6170 5780 
6760 6140 
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Table Dl. pH data for 35°C operation 
Date Day Reactor (HRT) 
48 24 16 12 
1000 mg/L COD (490 mg/L BOD5) 
7/31/92 11 6.84 6.87 6.73 6.57 
8/1/92 12 6.89 6.95 6m 6.74 
8/4/92 15 6.92 7.01 6.92 6.79 
8/7/92 18 7.47 7.29 6.99 6.83 
8/10/92 21 7.48 7.46 7.15 7.14 
8/13/92 24 126 7.21 6.94 6.88 
8/15/92 26 1.21 7.20 6.92 6.85 
8/19/92 30 7.13 7.06 6.98 6.94 
8/23/92 34 7.07 7.10 7.02 6.78 
8/27/92 38 7.11 6.99 6.80 6.68 
9/2/92 44 lAl 1.19 6.94 6.83 
9/6/92 48 128 7.16 6.82 6.66 
9/12/92 54 7.04 7.06 7.05 7.08 
9/17/92 59 7.18 7.13 737 7.19 
9/21/92 63 120 7.14 7.17 7.03 
9/25/92 67 7.17 7.09 7.10 6.96 
10/1/92 73 6.94 6.91 6.91 6.93 
10/6/92 78 7.06 6.95 7.01 6.93 
10/13/92 85 7.18 7.00 7.14 7.06 
10/18/92 90 1J09 6.94 7.10 7.10 
10/25/92 97 7.16 7.07 7.00 7.00 
10/29/92 101 729 6.82 6.83 6.80 
11/2/92 105 120 7.14 7.06 7.05 
11/8/92 111 7.08 7.10 7.02 6.97 
11/11/92 114 12s 6.91 6.78 6.84 
11/14/92 117 7.19 7.01 7.04 7.14 
11/19/92 122 7.07 6.92 6.96 6.98 
11/21/92 124 7.09 6.98 6.91 6.90 
11/24/92 124 6.98 6.77 6.93 7.00 
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Table Dl. (continued) 
Date Day Reactor (HRT) 
48 24 16 12 
11/28/92 131 7.10 7.00 6.93 6.98 
nizin 136 7.18 7.13 7.05 7.00 
12/6/92 139 7.15 7.12 7.01 7.17 
12/8/92 141 7,13 7.13 7.70 7.05 
12/10/92 143 7.02 7.06 7.18 6.95 
nivii9i 145 7.16 6.92 6.75 7.02 
nivsi^ 148 722 7.19 7.08 7.12 
12/18/92 151 7.17 7.04 6.92 7.01 
niiaisQ. 153 7.06 6.96 7.07 6.98 
800 mg/L COD (392 mg/L BOD )^ 
njii/si 154 7.10 6.88 7.05 6.99 
ni7ii9fi 155 7.18 6.91 7.07 6.92 
niTiisfi 156 7.15 7.08 6.89 7.05 
12/25/92 158 7.09 7.01 7.04 7.01 
12/28/92 161 7.11 6.94 6.87 6.95 
niz\/9i 164 7.08 6.91 6.86 6.97 
112192, 166 7.13 7.10 7.01 6.92 
1/4/93 168 7.08 7.07 7.08 7.08 
115/91 169 7.09 7.06 6.90 6.96 
600 mg/L COD (294 mg/L BOD )^ 
1/6/93 170 7.09 6.90 7.02 6.95 
ini9i 171 7.05 6.94 6.96 6.92 
1/8/93 172 7.21 6.97 6.91 7.07 
1/9/93 173 7.13 7.06 6.98 7.04 
1/11/93 175 7.01 7.08 7.04 6.94 
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Table Dl. (continued) 
Date Day Reactor (HRT) 
48 24 16 12 
400 mg/L COD (196 mg/L BOD )^ 
1/13/93 177 7.18 8.18 7.09 7.04 
1/14/93 178 7.04 7.02 6.99 6.96 
1/15/93 179 7.01 7.00 6.97 6.94 
1/15/93 180 7.02 6.95 6.96 6.99 
1/17/93 181 7.09 6.86 7.04 6.81 
1/19/93 183 7.15 7.10 7.03 7,13 
1/20/93 184 7.10 6.97 6.89 6.94 
1/21/83 185 7.13 7.05 6.95 7,02 
2/23/93 187 7.04 7.07 6.99 7,02 
1/28/93 192 7.05 7.11 7.08 7.13 
2/1/93 196 7.02 7.03 7,01 7.08 
2/4/93 199 6.98 7.00 6.95 6.92 
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Table D2. pH data for 2S°C operation 
Date Day 
48 24 
Reactor (HRT) 
16 12 
1000 mg/L COD (490 mg/L BOD )^ 
2/7/93 202 
2/11/93 206 
9.94 
2/14/93 209 
2/17/93 212 
2/21/93 216 
2/25/93 220 
2/28/93 223 
3/3/93 226 
3/7/93 230 
3/14/93 237 
3/18/93 241 
3/22/93 245 
3/28/93 251 
4/1/93 255 
4/5/93 259 
4/9/93 263 
4/13/93 267 
4/18/93 272 
4/20/93 274 
4/24/93 278 
4/26/93 280 
4/28/93 282 
5/1/93 285 
5/4/93 288 
5/7/93 291 
5/10/93 294 
5/12/93 296 
5/14/93 298 
5/17/93 301 
Table DZ (continued) 
7.03 
7.01 
7.12 
6.99 
6.95 
7.02 
6.98 
7.08 
7.01 
7.07 
7.11 
7.08 
7.06 
7.12 
7.08 
7.08 
7.02 
7.05 
6.98 
7.02 
7.06 
7.03 
6.99 
6.97 
7.03 
7.01 
6.95 
6.86 
6.92 
6.85 
6.91 
6.96 
6.97 
7.01 
7.03 
7.02 
7.09 
7.02 
7.05 
7.04 
6.98 
6.94 
6.99 
7.01 
6.98 
7.01 
800 mg/L COD (392 mg/L BOD )^ 
7.09 7.05 
7.06 7.01 
7.02 6.96 
7.03 7.01 
6.97 7.08 
7.12 6.99 
6.94 
6.98 
7.01 
6.97 
6.91 
6.89 
6.86 
6.95 
6.91 
6.98 
6.97 
6.95 
7.01 
7.05 
7.01 
7.06 
6.99 
6.86 
6.91 
7.07 
6.98 
7.03 
6.98 
6.99 
6.94 
7.03 
7.01 
7.05 
7.02 
6.91 
6.98 
6.92 
6.94 
6.87 
6.91 
6.93 
6.89 
6.95 
6.91 
6.93 
6.98 
6.97 
6.98 
6.95 
7.02 
6.94 
7.06 
7.03 
6.92 
6.91 
7.04 
6.97 
7.03 
6.98 
7.06 
7.04 
7.01 
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Date Day Reactor (HRT) 
48 24 16 12 
600 mg/L COD (294 mg/L BOD )^ 
5/20/93 304 7.02 7.06 6,99 6.95 
5/23/93 307 7.05 7.03 6.99 7.01 
5/26/93 310 7.01 6.98 6.95 6.94 
5/28/93 312 7.05 7.02 6.98 6.96 
6/1/93 316 7.(B 7.01 6.95 
6.91 
6/3/93 318 7.01 6.97 6.91 6.93 
6/5/93 320 7.01 7.03 6.96 6.92 
400 mg/L COD (196 mg/L BOD )^ 
6/8/93 323 7.03 7.01 7.01 6.99 
6/10/93 325 7.01 6.99 6.95 7.03 
6/13/93 328 7.05 7.03 6.99 6.97 
6/15/93 330 7.03 7.01 7.07 6.94 
6/17/93 332 6.99 6.97 6.97 7.09 
6/20/93 335 7.01 6.95 7.01 6.93 
6/23/93 338 7.02 7.01 6.98 7.07 
6/25/93 340 7.04 6.99 7.12 6.92 
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Table D3. pH data for 20°C operation 
Date Day 
48 24 
Reactor (HRT) 
16 12 
6/30/93 
7/3/93 
7/5/93 
7/8/93 
7/10/93 
7/13/93 
7/17/93 
7/21/93 
7/23/93 
7/27/93 
7/30/93 
8/2/93 
8/7/93 
8/10/93 
8/14/93 
8/17/93 
8/19/93 
8/22/93 
8/24/93 
8/27/93 
8/30/93 
9/2/93 
9/4/93 
400 mg/L COD (490 mg/L BOD )^ 
345 7.09 6.98 6.87 
348 7.01 7.02 6.93 
350 7.06 6.96 7.01 
353 7.04 6.94 6.92 
355 6.99 7.02 6.96 
358 7.03 7.00 7,01 
600 mg/L COD (392 mg/L BOD )^ 
362 7.06 7.03 6.97 
366 7.03 7.01 6.94 
368 7.01 6.98 7.08 
372 7.05 7.01 6.96 
375 7.02 6.95 7.01 
378 6.98 7.02 7.04 
800 mg/L COD (294 mg/L BOD )^ 
383 7.03 7.01 6.94 
386 7.01 6.97 7.03 
390 6.97 7.05 6.91 
393 7.04 6.95 7.02 
395 6.99 7.08 6.97 
398 7.09 6.94 6.92 
1000 mg/L COD (196 mg/L BOD5) 
400 7.00 7.02 6.93 
403 7.05 6.96 7.00 
406 6.98 7.00 6.94 
409 7.02 7.01 6.96 
411 7.07 6.98 7.02 
6.84 
6.96 
7.02 
6.93 
7.06 
6.91 
6.92 
7.07 
6.85 
7.01 
6.93 
7.05 
7.04 
6.92 
7.06 
6.97 
7.02 
7.00 
6.96 
7.03 
6.93 
6.98 
7.04 
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Table D4. pH data for 15°C operation 
Date Day 
48 24 
Reactor (HRT) 
16 12 
9/10/93 
9/13/93 
9/15/93 
9/18/93 
9/20/93 
9/23/93 
9/26/93 
9/29/93 
10/1/93 
10/3/93 
10/7/93 
10/10/93 
10/13/93 
10/17/93 
10/19/93 
10/21/93 
10/23/93 
10/27/93 
10/29/93 
10/31/93 
11/2/93 
11/5/93 
11/8/93 
400 mg/L COD (196 mg/L BOD )^ 
417 7.08 7.01 6.94 
420 6.97 7.04 7.01 
422 7.03 6.95 6.96 
425 6.98 7.04 7.02 
427 7.08 7.11 7.09 
430 6.% 7.02 7.04 
433 7.02 6.97 7.05 
600 mg/L COD (294 mg/L BOD )^ 
436 7.09 7.05 7.02 
438 7.13 7.09 7.04 
440 6.92 7.01 6.89 
444 7.08 7.01 6.96 
447 7.03 6.96 7.00 
800 mg/L COD (294 mg/L BOD5) 
450 7.01 7.05 6.92 
454 6.92 7.02 6.89 
456 7.09 6.94 7.03 
458 7.01 7.03 6.95 
460 6.93 7.01 6.98 
1000 mg/L COD (196 mg/L BOD )^ 
464 7.06 7.10 
466 6.97 7.04 
468 7.00 7.08 
470 7.02 6.93 
473 6.94 7.06 
476 6.99 7.02 
7.05 
7.08 
6.92 
7.01 
7.08 
7.03 
7.00 
6.97 
6.97 
7.02 
7.04 
7.01 
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Table El. Alkalinity data for 3S°C operation 
Date Day Reactor (HRT) 
48 24 16 12 
1000 mg/L COD (490 mg/L BOD )^ 
8/10/92 21 1125 1900 1975 1575 
8/19/92 30 1450 2125 1800 1500 
8/27/92 38 1275 1775 1525 1475 
9/12/92 54 1100 1800 1725 1525 
9/25/92 67 1150 1850 1800 1600 
10/13/92 85 1225 1875 1825 1575 
10/29/92 101 1200 2125 1850 1600 
11/11/92 114 1150 1900 1475 1675 
12/6/92 139 1175 1825 1675 1600 
12/12/92 145 1200 1800 1825 1700 
12/18/92 151 1125 1875 1675 1650 
12/20/92 153 1150 1900 1725 1700 
800 mg/L COD (392 mg/L BOD )^ 
12/21/92 154 1000 1775 1675 1625 
12/22/92 155 975 1800 1750 1650 
12/24/92 157 950 1850 1775 1625 
12/28/92 161 1000 1925 1675 1650 
1/2/93 166 950 2075 1675 1700 
1/4/93 168 1025 1900 1675 1650 
1/5/93 169 1000 2100 1600 1650 
600 mg/L COD (294 mg/L BOD )^ 
1/7/93 171 975 1825 1650 1550 
1/8/93 172 1075 1800 1525 1425 
1/9/93 173 925 1775 1550 1450 
1/11/93 175 975 1700 1600 1500 
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Table El. (continued) 
Date Day Reactor (HRT) 
48 24 16 12 
400 mg/L COD (196 mg/L BOD )^ 
1/13/93 177 1026 1600 1350 1025 
1/14/93 178 975 1575 1375 1100 
1/15/93 179 1000 1575 1375 1100 
1/16/93 180 975 1525 1350 1150 
1/17/93 181 950 1475 1300 1125 
1/19/93 183 1100 1500 1300 1100 
1/20/93 184 1050 1525 1350 1075 
1/21/93 185 1075 1475 1300 1100 
1/23/93 187 950 1500 1300 1100 
1/28/93 192 1000 1450 1300 1025 
2/1/93 1% 950 1475 1350 1075 
2/4/93 199 900 1500 1400 1075 
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Table E2. Alkalinity data for 2S°C operation 
Date Day Reactor (HRT) 
48 24 16 12 
1000 mg/L COD (490 mg/L BOD )^ 
2/11/93 206 1275 1825 1650 1500 
yaiTi 208 1150 1800 1600 1550 
ZI21l9i 245 1100 1825 1625 1575 
3/27/93 250 1025 1800 1650 1500 
3/29/93 252 1075 1825 1625 1550 
4/1/93 255 1075 1800 1625 1550 
4/4/93 258 1125 1850 1600 1525 
4/8/93 262 1025 1825 1650 1500 
4/11/93 265 1000 1800 1625 1525 
4/14/93 268 1075 1775 1600 1475 
A/nisn 271 1025 1800 1575 1500 
4/19/93 273 1075 1775 1600 1525 
4/22/93 276 1100 1800 1625 L525 
Al2Sf9i 279 1000 1775 1625 1500 
4/27/93 281 1050 1725 1600 1500 
All9l9i 283 1100 1800 1650 1550 
5/1/93 285 1125 1825 1675 1575 
800 mg/L COD (392 mg/L BOD5) 
5/7/93 291 95 1775 1500 1450 
5/12/93 296 1000 1700 1475 1375 
5/17/93 301 1020 1725 1525 1400 
600 mg/L COD (294 mg/L BOD )^ 
5/20/93 304 975 1675 1450 1420 
5/26/93 310 1000 1675 1500 1475 
6/1/93 316 975 1650 1500 1475 
6/3/93 318 1000 1675 1475 1425 
6/5/93 320 1000 1675 1500 1475 
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Table E2. (continued) 
Date Day Reactor (HRT) 
48 24 16 12 
400 mg/L COD (196 mg/L BOD )^ 
6/8/93 323 1000 1500 1275 1175 
6/13/93 328 975 1525 1350 1175 
6/15/93 330 1000 1575 1300 1150 
6/20/93 335 1000 1575 1300 1100 
6/23/93 338 975 1500 1275 1075 
6/25/93 340 10000 1500 1225 1075 
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Table E3. Alkalinity data for 20°C operation 
Date Day Reactor (HRT) 
48 24 16 12 
SoOmg/iTCODTwrSi/LBOD )^ 
7/1/93 346 1025 1800 1475 1175 
7/8/93 353 1000 1750 1425 1225 
7/10/93 355 1050 1750 1400 1175 
7/13/93 358 1050 1775 1475 1175 
600 mg/L COD (294 mg/L BOD )^ 
7/17/93 362 1025 1925 1400 1300 
8/19/93 364 1050 1950 1425 1275 
8/2/93 378 1025 1950 1400 1300 
800 mg/L COD (392 mg/L BOD5) 
8/10/93 386 1025 2000 1525 1325 
8/17/93 393 1050 1950 1500 1375 
8/22/93 398 1050 2025 1550 1100 
1000 mg/L COD (490 mg/L BOD )^ 
8/24/93 400 1025 2050 1675 1475 
8/30/93 406 1050 2000 1600 1475 
9/4/93 411 1025 2025 1650 1450 
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Table E4. Alkalinity data for 15°C treatment of milk wastewater 
Date Day 
48 24 
Reactor (HRT) 
16 12 
9/10/93 
9/15/93 
9/20/93 
9/26/93 
9/29/93 
10/3/93 
10/10/93 
10/13/93 
10/19/93 
10/23/93 
10/27/93 
11/2/93 
11/8/93 
400 mg/L COD (196 mg/L BOD )^ 
417 1000 1500 1075 
422 975 1525 1100 
427 975 1575 1075 
433 975 1550 1075 
600 mg/L COD (294 mg/L BOD )^ 
436 1000 1575 1175 
440 1000 1625 1200 
447 975 1625 1225 
800 mg/L COD (392 mg/L BOD )^ 
450 975 1975 1250 
456 975 1950 1275 
460 1000 1975 1275 
1000 mg/L COD (490 mg/L BODj) 
464 1000 1975 1300 
470 975 2000 
476 1000 1750 
1225 
1200 
1200 
1175 
1200 
1175 
1175 
1175 
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Table FI. Gas production data for 48 and 24 hours HRT reactors at 35°C operation 
Date Day Daily Gas 
at STP, Liters 
Reactor 1 
48HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
7/20/92 0 . 
1000 mg/L COD (490 mg/L BOD5) 
. 
7/21/92 1 
- - - - - -
1122192 2 - - - - -
7/23/92 3 
- - - - -
7/24/92 4 - - - - -
1125/92 5 - - - - -
7/26/92 6 - - - - -
1121192 7 - - - - -
7/28/92 8 
- - - - -
1129192 9 0.51 0.51 - 1.09 1.09 
7/30/92 10 0.56 1.07 - 1.22 2.31 
7/31/92 11 0.61 1.68 55.39 1.35 3.66 60.82 
8/1/92 12 0.63 2.31 - 1.44 5.10 -
8/2/92 13 0.64 2.96 
-
1.72 6.82 
-
8/3/92 14 0.75 3.70 - 1.82 8.64 -
8/4/92 15 0.71 4.41 - 2.21 10.85 -
8/5/92 16 0,73 5.14 - 2.34 13.20 -
8/6/92 17 0.76 5.90 60.46 2.35 15.54 63.72 
8/7/92 18 0.77 6.67 - 2.23 17.77 -
m92 19 0.81 7.48 - 2.35 20.12 -
8/9/92 20 0.84 8.33 - 2.51 22.63 -
8/10/92 21 0.85 9.18 65.84 2.57 25.20 67.19 
8/11/92 22 0.87 10.05 - 2.66 27.86 -
8/12/92 23 0.96 11.01 - 2.68 30.54 -
8/13/92 24 0.99 12.00 - 2.75 33.29 -
8/14/92 25 1.02 13.03 - 2.82 36.11 -
8/15/92 26 1.97 14.12 67.06 2.95 39.06 68.01 
8/16/92 27 1.16 15.28 - 3.00 42.06 -
8/17/92 28 1.22 16.50 • 3.02 45.08 . 
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Table F1 continued 
Reactor 1 Reactor 2 
48HrsHRT 24HreHRT 
Date Day Daily Gas Cununulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
8/18/92 29 1.23 17.73 - 3.06 48.14 -
8/19/92 30 1.27 19.00 
-
3.11 51.25 -
8/20/92 31 1.31 20,31 67.21 3.15 54.41 66.38 
8/21/92 32 1.36 21.67 - 3.21 57.62 -
8/22/92 33 1.33 23.00 
-
3.17 60.78 
-
8/23/92 34 1.35 24.35 
-
3.13 63.91 -
8/24/92 35 1.32 25.67 - 3.19 67.10 -
8/25/92 36 1.37 27.04 
-
3.24 70.35 
-
8/26/92 37 1.34 28.38 
-
3.21 73.56 -
8/27/92 38 1.36 29.74 - 3.24 76.80 -
mmi 39 1.30 31.04 
-
3.25 80.04 
-
8/29/92 40 1.30 32.35 
-
3.25 83.29 -
8/30/92 41 1.34 33.69 
-
3.26 86.55 -
8/31/92 42 1.38 35.07 67.18 3.24 89.79 66.94 
9/1/92 43 1.35 36.42 
-
3.22 93.02 -
9/2/92 44 1.31 37.73 - 3.18 96.19 -
9/3/92 45 1.39 39.11 
-
3.16 99.35 -
9/4/92 46 1.37 40.48 66.96 3.22 102.58 66.42 
9/5/92 47 1.38 41.86 
-
3.25 105.83 -
9/6/92 48 1.41 43.27 
-
3.22 109.05 -
9ni91 49 1.36 44.63 
-
3.23 112.28 -
9mi 50 1.30 45.93 - 3.26 115.54 -
9/9/92 51 1.40 47.32 
-
3.23 118.77 -
9/10/92 52 1.33 48.65 - 3.20 121.97 -
9/11/92 53 1.38 50.03 66.81 3.27 125.23 66.59 
9/12/92 54 1.33 51.37 
-
3.21 128.44 -
9/13/92 55 1.34 52.71 
-
3.21 131.66 -
9/14/92 56 1.31 54.02 - 3.26 134.92 -
9/15/92 57 1.36 55.39 - 3.25 138.16 -
9/16192 58 1.38 56.76 68.08 3.22 141.39 68.15 
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Table F1 continued 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cununulative % Daily Gas Cununulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
9/17/92 59 1.37 58.13 
-
3.26 144.64 -
9/18/92 60 1.32 59.46 - 3.29 147.94 -
9/19/92 61 1.38 60.84 - 3.24 151.18 -
9/20/92 62 1.39 62.23 - 3.17 154.35 -
9/21/92 63 1.34 63.57 68.19 3.19 157.54 68.51 
9/22/92 64 1.40 64.97 
- 3.20 160.74 -
9/23/92 65 1.43 66.39 - 3.24 163.98 -
9/24/92 66 1.38 67.77 - 3.27 167.25 -
9/25/92 67 1.37 69.15 
-
3.27 170.52 -
9/26/92 68 1.35 70.50 
-
3.23 173.75 -
9/27/92 69 1.32 71.81 67.89 3.27 177.02 68.03 
9/28/92 70 1.38 73.20 
-
3.26 180.28 -
9/29/92 71 1.40 74.60 
- 3.27 183.56 -
9/30/92 72 1.42 76.02 68.21 3.28 186.84 68.25 
10/1/92 73 1.33 77.35 
-
3.30 190.14 -
10/2/92 74 1.30 78.65 - 3.24 193.38 -
10/3/92 75 1.35 79.99 
-
3.22 196.60 -
10/4/92 76 1.32 81.32 67.88 3.19 199.79 68.28 
10/5/92 77 1.35 82.67 
-
3.22 203.01 -
10/6/92 78 1.41 84.08 - 3.20 206.22 -
10/7/92 79 1.36 85.44 - 3.20 209.41 -
10/8/92 80 1.38 86.82 68.26 3.19 212.61 68.21 
10/9/92 81 1.34 88.16 - 3.19 215.80 -
10/10/92 82 1.37 89.53 - 3.24 219.03 -
10/11/92 83 1.34 90.88 - 3.21 222.24 -
10/12/92 84 1.38 92.26 
-
3.22 225.47 -
10/13/92 85 1.34 93.59 67.98 3.18 228.65 68.51 
10/14/92 86 1.35 94.95 - 3.20 231.84 -
10/15/92 87 1.39 96.34 
-
3.25 235.10 -
10/16/92 88 1.42 97.75 68.36 3.23 238.33 68.36 
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Table F1 continued 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at SIP, Liters Gas, Liters Methane at SIP, Liters Gas, Liters Methane 
10/17/92 89 1.38 99.13 - 3.29 241.62 
-
10/18/92 90 1.40 100.53 - 3.23 244.85 
-
10/19/92 91 1.36 101.89 - 3.21 248.07 
-
10/20/92 92 1.33 103.22 - 3.13 251.20 -
10/21/92 93 1.31 104.53 68.57 3.17 254.37 68.25 
10/22/92 94 1.34 105.87 - 3.21 257.58 -
10/23/92 95 1.36 107.23 - 3.22 260.79 -
10/24/92 96 1.36 108.59 68.49 3.19 263.98 68.53 
10/25/92 97 1.39 109.98 - 3.19 167.17 -
10/26/92 98 1.35 111.33 - 3.22 270.40 -
10/27/92 99 1.37 112.70 - 3.19 273.59 -
10/28/92 100 1.39 114.09 - 3.24 276.83 -
10/29/92 101 1.35 115.44 - 3.23 280.06 -
10/30/92 102 1.35 116.79 67.74 3.20 283.26 67.85 
10/31/92 103 1.37 118.16 - 3.21 286.47 -
11/1/92 104 1.35 119.51 - 3.14 289.61 -
11/2/92 105 1.36 120.87 - 3.13 292.74 -
11/3/92 106 1.33 122.21 68.93 3.11 295.85 67.85 
11/4/92 107 1.34 123.55 - 3.14 298.99 -
11/5/92 108 1.37 124.91 - 3.21 302.13 • 
11/6/92 109 1.41 126.32 - 3.21 305.41 • 
11/7/92 110 1.39 127.72 - 3.30 308.70 -
11/8/92 111 1.37 129.08 69.01 3.20 311.91 67.85 
11/9/92 112 1.34 130.42 - 3.21 315.11 -
11/10/92 113 1.32 131.74 - 3.24 318.36 -
11/11/92 114 1.36 133.10 67.94 3.26 321.61 67.85 
11/12/92 l is  1.37 134.47 - 3.21 324.83 -
11/13/92 116 1.40 135.87 - 3.29 328.11 -
11/14/92117 1.36 137.23 - 3.22 331.34 -
11/15/92 118 1.33 138.56 . 3.24 334.57 . 
Table F1 continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 1 
48HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
11/16/92 119 1.34 139.91 67.86 3.23 337.81 67.85 
11/17/92 120 1.36 141.27 - 3.26 341.06 -
11/18/92 121 1.39 142.66 - 3.24 344.31 -
11/19/92 122 1.40 144.06 - 3.19 347.50 -
11/20/92 123 1.36 145.42 68.11 3.19 350.69 67.06 
11/21/92 124 1.42 146.83 - 3.26 353.95 -
11/22/92 125 1.34 148.17 - 3.23 357.18 -
11/23/92 126 1.37 149.54 - 3.21 360.39 -
11/24/92 127 1.32 150.86 - 3.20 363.59 -
11/25/92 128 1.37 152.23 67.93 3.21 366.80 67.06 
11/26/92 129 1.40 153.63 - 3.21 370.01 -
11/27/92 130 1.36 154.98 - 3.30 373.31 -
11/28/92 131 1.36 156.34 68.02 3.24 376.55 67.06 
11/29/92 132 1.36 157.70 - 3.21 379.76 -
11/30/92 133 1.33 159.04 - 3.19 382.95 -
12/1/92 134 1.36 160.39 68.57 3.18 386.13 67.06 
\2t2Bl 135 1.37 161.77 - 3.18 389.31 -
12/3/92 136 1.36 163.13 - 3.21 392.52 -
12/4/92 137 1.41 164.53 69.42 3.28 395.80 67.06 
12/5/92 138 1.36 165.89 - 3.25 399.05 -
12/6/92 139 1.40 167.29 - 3.26 402.31 -
12/7/92 140 1.38 168.67 - 3.22 405.53 -
12/8/92 141 1.44 170.11 - 3.23 408.77 -
12/9/92 142 1.39 171.50 68.97 3.23 412.00 69.04 
12/10/92 143 1.39 172.89 - 3.14 415.13 -
12/11/92 144 1.38 174,28 - 3.19 418.33 -
12/12/92 145 1.39 175.67 - 3.23 421.55 -
12/13/92 146 1.37 177.04 - 3.24 424.80 -
12/14/92 147 1.34 178.38 67.86 3.22 428.02 68.28 
12/15/92 148 1.36 179.74 . 3.16 431.18 . 
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Table FI continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 1 
48HrsHRT 
Cummulative 
Gas, Liters 
% Daily Gas 
Methane at STP, Liters 
Reactor 2 
24HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
12/16/92 149 1.35 181.09 3.15 434.33 -
12/17/92 150 1.34 182.44 3.20 437.52 -
12/18/92 151 1.35 183.79 68.13 3.15 440.68 67.93 
12/19/92 152 1.39 185.18 3.19 443.86 • 
12/20/92 153 1.38 186.55 68.04 3.23 447.09 68.28 
12/21/92 154 1.10 
800 mg/L COD (392 mg/L BOD5) 
187.65 - 3.11 450.21 . 
12/22/92 155 1.13 188.78 3.07 453.28 -
12)23/92 156 1.18 189.97 3.01 456.29 -
12/24/92 157 1.17 191.13 67.66 2.97 459.25 67.94 
12/25/92 158 1.18 192.32 2.92 462.17 -
12/26/92 159 1.21 193.53 2.90 465.07 -
12/27/92 160 1.19 194.72 2.89 467.96 -
12/28/92 161 1.23 195.95 67.49 2.94 470.90 67.94 
12/29/92 162 1.19 197.14 2.92 473.82 • 
12/30/92 163 1.22 198.36 2.89 467.72 -
12/31/92 164 1.24 199.60 2.95 479.66 -
1/1/93 165 1.22 200.82 2.90 482.57 -
1/2/93 166 1.25 202.07 67.36 2.92 485.89 68.13 
mm 167 1.20 203.27 2.95 488.44 -
1/4/93 168 1.20 204.46 2.94 491.38 -
1/5/93 169 1.25 205.72 67.16 2.92 494.30 67.09 
1/6/93 170 0.96 
600 mg/L COD (294 mg/L BOD )^ 
206.68 - 2.34 496.65 
1/7/93 171 0.89 207.57 2.18 498.82 -
1/8/93 172 0.83 208.40 2.10 500.93 -
1/9/93 173 0.81 209.21 2.01 502.93 -
1/10/93 174 0.83 210.03 67.93 1.97 504.91 67.38 
1/11/93 175 0.78 210.81 1.94 506.85 -
1/12«3 176 0.76 211.58 1.89 508.74 -
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Table FI continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 1 
48HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
1/13/93 177 0.75 212.33 - 1.87 510.61 -
1/14/93 178 0.77 213.10 - 1.91 512.52 -
1/15/93 179 0.80 213.90 68.21 1.92 514.44 67.11 
1/16/93 180 0.79 214.70 
- 1.93 516.37 -
1/17/93 181 0.82 215.51 
-
1.91 518.28 
-
1/18/93 182 0.81 216.32 68.02 1.94 520.22 67.08 
400 mg/L COD (196 mg/L BOD5) 
1/19/93 183 0.62 216.94 - 1.70 521.92 -
1/20/93 184 0.55 217.49 
- 1.46 523.38 -
1/21/93 185 0.53 218.02 
-
1.28 524.66 
-
1/22/93 186 0.50 218.52 67.94 1.24 525.90 67.91 
1/23/93 187 0.46 218.97 
-
1.20 527.10 
-
1/24/93 188 0.47 219.45 
-
1.18 528.27 
-
1/25/93 189 0.49 219.95 
-
1.16 529.43 -
1/26/93 190 0.52 220.47 - 1.13 530.57 -
1/27/93 191 0.51 220.98 68.09 1.15 531.71 67.59 
1/28/93 192 0.49 221.47 
- 1.10 532.82 -
1/29/93 193 0.51 221.98 - 1.10 533.92 -
1/30/93 194 0.53 222.52 
-
1.13 535.05 -
1/31/93 195 0.50 223.02 68.12 1.13 536.18 68.15 
2/1/93 196 0.48 223.50 
-
1.10 537.28 -
2/2/93 197 0.52 224.02 
-
1.13 538.42 -
2/3/93 198 0.49 224.51 
-
1.13 539.55 -
2/4/93 199 0.51 225.02 68.06 1.14 540.68 67.93 
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Table F2 Gas production data for 48 and 24 hours HRT reactors at 2S°C operation 
Date Day Daily Gas 
at STP, Liters 
Reactor 1 
48HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cununulative 
Gas, Liters 
% 
Methan 
2/5/93 200 0.99 
1000 mg/L COD (490 mg/L BOD5) 
0.99 - 2.87 2.87 . 
2/6/93 201 1.05 2.04 69.53 2.97 5.84 70.39 
2/7/93 202 1.02 3.05 - 3.23 9.07 -
2/8/93 203 1.07 4.12 - 3.17 12.24 -
2/9/93 204 1.09 5.21 - 3.22 15.45 -
2/10/93 205 1.22 6.43 69.08 3.24 18.69 69.82 
2/11/93 206 1.19 7.62 - 3.26 21.95 -
2/12/93 207 1.20 8.83 - 3.25 25.20 -
2/13/93 208 1.18 10.01 - 3.28 28.49 -
2/14/93 209 1.18 11.19 69.78 3.32 31.80 69.84 
2/15/93 210 1.16 12.35 - 3.36 35.16 -
2/16/93 211 1.15 13.50 - 3.41 38.57 -
2/17/93 212 1.21 14.71 
-
3.42 41.99 -
2/18/93 213 1.19 15.90 - 3.40 45.39 -
2/19/93 214 1.15 17.05 69.86 3.34 48.72 71.81 
2/20/93 215 1.19 18.24 - 3.35 52.07 -
2/21/93 216 1.17 19.41 - 3.33 55.40 -
2/22/93 217 1.20 20.61 70.18 3.33 58.73 69.74 
2A23/93 218 1.18 21.79 - 3.41 62.14 -
2/24/93 219 1.20 22.99 - 3.46 65.60 -
2/25/93 220 1.22 24.21 - 3.48 69.08 -
2/26/93 221 1.20 25.41 70.01 3.49 72.57 69.21 
2/27/93 222 1.17 26.58 - 3.49 76.06 -
2/28/93 223 1.21 27.79 - 3.44 79.50 -
3/1/93 224 1.18 28.97 - 3.45 82.95 -
3/2/93 225 1.21 30.18 - 3.40 86.35 -
3/3/93 226 1.18 31.35 - 3.37 89.72 -
3/4/93 227 1.21 32.56 69.84 3.44 93.16 69.15 
3/5/93 228 1.18 33.74 . 3.42 96.58 -
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Table F2 continued 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cununulative % Daily Gas Cununulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
3/6/93 229 1.15 34.88 - 3.40 99.97 -
3/7/93 230 1.11 35.99 - 3.46 103.43 -
3/8/93 231 1.15 37.14 - 3.43 106.86 -
3/9/93 232 1.18 38.33 - 3.41 110.27 -
3/10/93 233 1.22 39.54 70.16 3.46 113.73 69.87 
3/11/93 234 1.20 40.75 - 3.45 117.18 -
3/12/93 235 1.23 41.97 - 3.44 120.62 -
3/13/93 236 1.20 43.17 - 3.43 124.05 -
3/14/93 237 1.25 44.42 - 3.42 127.47 -
3/15/93 238 1.24 45.66 71.22 3.42 130.89 70.87 
3/16/93 239 1.22 46.88 - 3.38 134.27 -
3/17/93 240 1.20 48.09 - 3.47 137.74 -
3/18/93 241 1.17 49,26 - 3.50 141.24 -
3/19/93 242 1.20 50.46 - 3.49 144.73 -
3/20/93 243 1.23 51.69 70.13 3.50 148.19 69.52 
3/21/93 244 1.19 52.87 - 3.42 151.63 -
3/22/93 245 1.22 54.09 - 3.48 155.11 -
3/23/93 246 1.24 55.33 - 3.49 158.60 -
3/24/93 247 1.22 56.55 - 3.45 162.05 -
3/25/93 248 1.20 57.75 - 3.50 165.55 -
3/26/93 249 1.18 58.93 69.82 3.46 169.01 68.92 
3/27/93 250 1.22 60.15 - 3.45 172.46 -
3/28/93 251 1.18 61.34 - 3.45 175.91 -
3/29/93 252 1.20 62.63 70.26 3.43 179.34 69.78 
3/30/93 253 1.15 63.68 - 3.37 182.73 • 
3/31/93 254 1.16 64.84 - 3.40 186.12 -
4/1/93 255 1.18 66.02 - 3.44 189.56 -
4/2/93 256 1.23 67.25 70.18 3.48 193.04 68.93 
4/3/93 257 1.21 68.46 - 3.47 196.51 -
4/4/93 258 1.20 69.66 - 3.52 200.03 -
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Table F2 continued 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP. Liters Gas, Liters Methane 
4/5/93 259 1.19 70.85 
-
3.46 203.49 
-
4/6/93 260 1.21 72.06 70.05 3.46 206.95 69.41 
APm 261 1.19 73.25 
-
3.43 210.38 
-
Aim3 262 1.17 74.42 
-
3.39 213.77 
-
4/9/93 263 1.21 75.62 
-
3.42 217.19 -
4/10/93 264 1.18 76.81 - 3.41 220.60 -
4/11/93 265 1.18 77.99 69.74 3.43 224.03 69.87 
4/12/93 266 1.18 79.18 
-
3.45 227.48 
-
4/13/93 267 1.21 80.39 
-
3.46 230.94 -
4/14/93 26S 1.22 81.61 - 3.45 234.39 -
4/15/93 269 1.19 82.79 
-
3.41 237.80 
-
4/16/93 270 1.16 83.95 - 3.42 241.21 -
4/17/93 271 1.19 85.14 - 3.45 244.66 -
4/18/93 272 1.21 86.35 70.21 3.45 248.12 70.03 
4/19/93 273 1.16 87.51 - 3.38 251.50 -
4/20/93 274 1.14 88.65 
-
3.42 254.92 
-
4/21/93 275 1.18 89.83 
-
3.44 258.36 
-
Anm-i 276 1.22 91.05 
-
3.45 261.81 -
4/23/93 277 1.18 92.23 
-
3.39 265.20 -
4/24/93 278 1.20 93.42 69.96 3.44 268.64 69.32 
4/25/93 279 1.17 94.60 
-
3.46 272.09 
-
mem 280 1.17 95.76 
-
3.44 275.54 
-
4/27/93 281 1.20 96.96 70.29 3.44 278.98 69.06 
4/28/93 282 1.21 98.17 
-
3.47 282.45 
-
4/29193 283 1.19 99.36 - 3.46 285.90 -
4/30/93 284 1.23 100.59 
-
3.47 289.37 
-
5/1/93 285 1.20 101.79 70.18 3.49 292.87 69.28 
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Table F2 continued 
Date Day Daily Gas 
at SIP, Liters 
Reactor 1 
48HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cummulative 
Gas, Liters 
% 
Methani 
5/2/93 286 1.07 
800 mg/L COD (392 mg/L BOD5) 
102.86 - 3.11 295.98 . 
5/3/93 287 1.01 103.86 69.49 2.86 298.94 70.88 
5/4/93 288 0.99 104.85 
-
2.72 301.56 -
5/5/93 289 0.93 105.78 
- 2.56 304.12 -
5/6/93 290 0.98 106.76 
-
2.40 306.53 -
5/7/93 291 1.01 107.77 
- 2.33 308.86 -
5/8/93 292 1.04 108.81 70.82 2.34 311.20 71.39 
5/9/93 293 1.08 109.88 
-
2.29 313.49 -
5/10/93 294 1.06 110.94 
- 2.32 315.81 -
5/11/93 295 1.08 112.02 
-
2.34 318.15 • 
5/12/93 296 1.03 113.05 
-
2.35 320.50 • 
5/13/93 297 1.04 114.10 71.83 2.37 322.87 72.94 
5/14/93 298 1.05 115.15 
-
2.35 325.21 -
5/15/93 299 0.93 116.08 
- 2.32 327.53 -
5/16/93 300 1.03 117.11 
- 2.31 329.84 -
5/17/93 301 1.05 118.16 72.29 2.35 332.19 73.06 
5/18/93 302 1.01 
600 mg/L COD (294 mg/L BOD5) 
119.17 - 1.87 334.05 
5/19/93 303 0.96 120.13 
-
1.77 335.82 -
5/20/93 304 0.90 121.03 69.84 1.62 337.43 71.68 
5/21/93 305 0.83 121.86 
-
1.60 339.03 -
5/22/93 306 0.77 122.63 
- 1.53 340.56 -
5/23/93 307 0.74 123.37 
- 1.41 341.97 -
5/24/93 308 0.72 124.09 
- 1.58 343.55 -
5/25/93 309 0.68 124.78 70.01 1.63 345.18 71.55 
5/26/93 310 0.67 125.45 
-
1.66 346.83 -
5/27/93 311 0.70 126.15 
-
1.63 348.46 -
5/28/93 312 0.72 126.88 
-
1.62 350.09 -
5/29/93 313 0.70 127.58 . 1.64 351.73 -
Table F2 continued 
315 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cuininulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
5/30/93 314 0.68 128.25 
-
1.60 353.33 -
5/31/93 315 0.62 128.87 69.17 1.62 354.94 71.11 
6/1/93 316 0.73 129.60 
-
1.59 356.54 
-
6/2/93 317 0.70 130.31 - 1.62 358.15 -
6/3/93 318 0.72 131.03 - 1.64 359.79 -
6/4/93 319 0.70 131.73 - 1.61 361.41 -
6/5/93 320 0.69 132.42 69.30 1.64 363.04 71.35 
400 mg/L COD (196 mg/L BOD5) 
6/6/93 321 0.56 132.98 
-
1.19 364.23 -
6/7/93 322 0.52 133.50 
-
1.07 365.30 -
6/8/93 323 0.50 134.00 - 0.99 366.30 -
6/9/93 324 0.51 134.51 
-
0.94 367.24 
-
6/10/93 325 0.52 135.03 68.08 0.89 368.12 70.19 
6/11/93 326 0.50 135.53 
-
0.92 369.05 • 
6/12/93 327 0.51 136.04 - 0.95 370.00 -
6/13/93 328 0.52 136.56 
-
0.91 370.91 -
6/14/93 329 0.49 137.05 
-
0.88 371.78 -
6/15/93 330 0.53 137.58 68.13 0.92 372.71 69.21 
6/16/93 331 0.52 138.10 
-
0.97 373.67 
-
6/17/93 332 0.51 138.60 
-
0.95 374.63 -
6/18/93 333 0.50 139.10 67.91 0.90 375.52 69.42 
6/19/93 334 0.49 139.59 - 0.96 376.48 -
6/20/93 335 0.52 140.11 68.07 0.92 377.40 69.16 
6/21/93 336 0.51 140.61 - 0.90 378.30 -
6/22/93 337 0.52 141.14 - 0.91 379.20 -
6/23/93 338 0.49 141.62 - 0.93 380.13 -
6/24/93 339 0.50 142.13 
-
0.92 381.05 -
6/25/93 340 0.52 142.64 68.25 0.91 381.96 69.49 
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Table F3. Gas production data for 48 and 24 hours HRT reactors at 20°C operation 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cununulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
400 mg/L COD (196 mg/L BOD5) 
6/26/93 341 0.36 0.36 - 0.68 0.68 -
6/27/93 342 0.35 0.71 67.59 0.72 0.39 69.74 
6/28/93 343 0.37 1.08 - 0.81 2.21 -
6/29/93 344 0.39 1.47 - 0.85 3.06 -
6/30/93 345 0.41 1.88 - 0.83 3.89 -
7/1/93 346 0.38 2.26 68.13 0.80 4.69 70.26 
7/2/93 347 0.41 2.66 - 0.85 5.54 -
7/3/93 348 0.45 3.31 - 0.79 6.33 -
7/4/93 349 0.42 3.54 - 0.81 7.14 • 
7/5/93 350 0.40 3.94 - 0.83 7.97 -
7/6/93 351 0.39 4.33 - 0.80 8.77 -
7/7/93 352 0.43 4.76 67.86 0.79 9.56 70.02 
7/8/93 353 0.38 5.14 - 0.82 10.38 -
7/9/93 354 0.36 5.50 - 0.81 11.19 -
7/10/93 355 0.41 5.91 68.09 0.76 11.95 69.97 
7/11/93 356 0.43 6.34 - 0.78 12.74 -
7/12/93 357 0.39 6.73 - 0.84 13.57 -
7/13/93 358 0.42 7.15 68.24 0.81 14.38 70.11 
600 mg/L COD (294 mg/L BOD5) 
7/14/93 359 0.45 7.60 
-
0.86 15.24 
-
7/15/93 360 0.53 8.13 66.19 1.01 16.25 68.86 
7/16/93 361 0.60 8.73 - 1.08 17.32 -
7/17/93 362 0.56 9.29 - 1.18 18.50 -
7/18/93 363 0.61 9.90 - 1.35 19.85 -
7/19/93 364 0.63 10.53 - 1.40 21.25 -
7/20/93 365 0.65 11.19 68.71 1.37 22.62 69.38 
7/21/93 366 0.62 11.81 - 1.40 24.02 -
7/22/93 367 0.64 12.45 - 1.44 25.46 -
7/23/93 368 0.68 13.13 _ 1.48 26.94 -
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Table F3. continued 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
7/24/93 369 0.72 13.85 - 1.43 28.37 -
7/25/93 370 0.69 14.54 69.27 1.49 29.86 68.81 
7/26/93 371 0.69 15.23 
-
1.46 31.31 -
7/27/93 372 0.75 15.97 
-
1.41 32.72 -
7/28/93 373 0.73 16.70 
-
1.44 34.16 -
7/29/93 374 0.67 17.37 
-
1.41 35.57 -
7/30/93 375 0.69 18.06 69.68 1.40 36.97 69.26 
7/31/93 376 0.70 18.76 
-
1.42 38.38 -
8/1/93 377 0.66 19.42 
- 1.44 39,83 -
8/2/93 378 0.69 20.11 69.04 1.41 41.23 69.17 
800 mg/L COD (392 mg/L BOD5) 
8/3/93 379 0.76 20.87 
-
1.47 42.70 
-
8/4/93 380 0.83 21.70 
- 1.61 44.32 -
8/5/93 381 0.92 22.62 69.33 1.63 45.95 70.31 
8/6/93 382 0.97 23.59 
- 1.78 47.72 -
8/7/93 383 0.96 24.55 - 1.85 49.58 -
8/8/93 384 0.99 25.54 
-
1.82 51.39 -
8/9/93 385 1.02 26.56 - 1.83 53.22 -
8/10/93 386 0.97 27.53 69.08 1.86 55.09 69.97 
8/11/93 387 1.01 28.54 
- 1.84 56.93 -
8/12/93 388 1.05 29.59 
-
1.85 58.78 -
8/13/93 389 0.92 30.51 
- 1.89 60.67 -
8/14/93 390 0.95 31.46 68.87 1.94 62.62 70.81 
8/15/93 391 0.96 32.43 
- 1.96 64.58 -
8/16/93 392 0.93 33.36 
-
1.91 66.49 -
8/17/93 393 0.97 34.33 
-
1.87 68.36 -
8/18/93 394 0.94 35.27 
-
1.91 70.26 -
8/19/93 395 0.95 36.22 69.06 1.93 72.19 69.94 
8/20/93 396 0.97 37.19 • 1.85 74.05 -
8/21/93 397 0.90 38.09 . 1.88 75.92 . 
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Table F3. continued 
Reactor 1 Reactor 2 
48HrsHRT 24HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at SIP, Liters Gas, Liters Methane atSTP, Liters Gas, Liters Methane 
8/22/93 398 0.92 39.01 69.22 1.94 77.87 70.08 
1000 mg/L COD (490 mg/L BOD5) 
8/23/93 399 0.97 39.98 • 1.97 79.84 • 
8/24/93 400 1.01 40.99 
-
2.18 82.02 
-
8/25/93 401 1.01 42.00 68.31 2.42 84.44 69.37 
mem 402 1.06 43.07 - 2.47 86.90 -
mim 403 1.05 44.11 - 2.61 89.52 -
8/28/93 404 1.14 45.25 
-
2.73 92.25 
8/29/93 405 1.12 46.37 67.09 2.80 95.05 68.20 
8/30/93 406 1.14 47.51 
-
2.87 97.92 
-
8/31/93 407 1.12 48.63 - 2.92 100.84 -
9/1/93 408 1.07 49.70 67.17 3.00 103.83 68.13 
912193 409 1.11 50.81 
-
3.03 106.86 
-
9/3/93 410 1.13 51.94 - 3.00 109.86 -
9MI93 411 1.07 53.01 67.39 3.03 112.89 68.08 
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Table F4. Gas production data for 48 and 24 hours HRT reactors at 1S°C operation 
Date Day Daily Gas 
at SIP, Liters 
Reactor 1 
48HrsHRT 
Cummulative 
Gas, Liters 
% Daily Gas 
Methane at SIP, Liters 
Reactor 2 
24HrsHRT 
Cummulative 
Gas, Liters 
% 
Methan 
400 mg/L COD (196 mg/L BOD^ 
9/5/93 412 1.01 1.01 
-
2.32 2.32 -
9/6/93 413 0.55 1.56 
-
0.92 3.24 -
9/7/93 414 0.31 1.87 
-
0.82 4.06 -
9/8/93 415 0.19 2.06 - 0.77 4.83 -
9/9/93 416 0.24 2.30 61.53 0.72 5.55 67.28 
9/10/93 417 0.32 2.62 - 0.69 6.24 -
9/11/93 418 0.34 2.96 - 0.63 6.87 -
9/12/93 419 0.37 3.33 - 0.60 7.47 -
9/13/93 420 0.33 3.66 - 0.64 8.11 -
9/14/93 421 0.31 3.97 66.18 0.62 8.73 65.72 
9/15/93 422 0.28 4.25 
-
0.61 9.34 -
9/16/93 423 0.25 4.50 . 0.60 9.94 . 
9/17/93 424 0.27 4.78 
-
0.64 10.58 -
9/18/93 425 0.27 5.01 - 0.63 11.21 -
9/19/93 426 0.23 5.25 65.19 0.60 11.81 66.02 
9/20/93 427 0.20 5.45 
-
0.61 12.43 -
9/21/93 428 0.24 5.69 
-
0.65 13.08 -
9/22/93 429 0.28 5.97 
-
0.63 13.71 -
9/23/93 430 0.23 6.20 65.98 0.60 14.31 66.49 
9/24/93 431 0.21 6.41 
-
0.64 14.95 -
9/25/93 432 0.24 6.65 
-
0.61 15.56 -
9/26/93 433 0.23 6.88 65.27 0.63 16.19 66.18 
600 mg/L COD (294 mg/L BOD5) 
9/27/93 434 0.35 7.23 
-
0.67 16.86 -
9/28/93 435 0.40 7.63 - 0.75 17.61 -
9/29/93 436 0.45 8.08 67.02 0.82 18.43 66.94 
9/30/93 437 0.57 8.65 - 0.85 19.28 -
10/1/93 438 0.63 9.28 - 0.87 20.15 -
10/2/93 439 0.61 9.89 - 0.86 21.01 -
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Table F4. continued 
Date Day Daily Gas 
at SIP, Liters 
Reactor 1 
48HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cummulative 
Gas, Liters 
% 
Methan 
10/3/93 440 0.58 10.47 68.16 0.82 21.83 66.09 
10/4/93 441 0.62 11.09 - 0.86 22.69 -
10/5/93 442 0.57 11.66 - 0.88 23.57 -
10/6/93 443 0.61 12.27 - 0.87 24.44 -
10/7/93 444 0.63 12.90 68.00 0.83 25.27 66.27 
10/8/93 445 0.61 13.51 - 0.81 26.08 -
10/9/93 446 0.59 14.10 - 0.84 26.92 -
10/10/93 447 0.61 14.72 68.43 0.82 27.74 66.19 
10/11/93 448 0.64 
800mg/L COD (392 mg/L BOD5) 
15.36 - 0.88 28.62 -
10/12/93 449 0.65 16.01 - 0.96 29.59 -
10/13/93 450 0.66 16.67 67.54 1.01 30.60 
69.62 
10/14/93 451 0.68 17.35 
-
1.06 31.67 
-
10/15/93 452 0.71 18.06 - 1.22 32.88 -
10/16/93 453 0.72 18.78 66.15 1.26 34.14 68.89 
10/17/93 454 0.68 19.46 - 1.29 35.43 -
10/18/93 455 0.62 20.08 - 1.31 36.74 -
10/19/93 456 0.67 20.75 - 1.29 38.04 -
10/20/90 457 0.60 21.34 66.38 1.33 39.36 69.03 
10/21/93 458 0.64 21.99 - 1.29 40.65 -
10/22/93 459 0.62 22.60 - 1.31 41.96 -
10/23/93 460 0.62 23.23 66.07 1.32 43.28 69.21 
10/24/93 461 0.68 
1000 mg/L COD (490 mg/L BOD5) 
23.90 - 1.53 44.81 
10/25/93 462 0.77 24.67 - 1.66 46.48 -
10/26/93 463 0.72 25.40 - 1.73 48.21 -
10/27/63 464 0.69 26.09 66.98 1.91 50.12 69.79 
10/28/93 465 0.68 26.77 - 2.08 52.20 -
10/29/93 466 0.73 27.50 - 2.17 54.37 -
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Table F4. continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 1 
48HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 2 
24HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
10/30/93 467 0.72 28.23 - 2.38 56.75 -
10/31/93 468 0.71 28.93 67.43 2.42 59.17 69.88 
11/1/93 469 0.73 29.67 - 2.40 61.57 -
11/2/93 470 0.73 30.40 - 2.38 63.95 -
11/3/93 471 0.70 31.09 
-
2.40 66.35 -
11/4/93 472 0.74 31.83 67.09 2.40 68.75 70.38 
11/5/93 473 0.76 32.58 - 2.42 71.17 -
11/6/93 474 0.72 33.31 - 2.39 73.56 -
lin/93 475 0.70 34.01 - 2.41 75.98 -
11/8/93 476 0.73 34.74 67.30 2.43 78.40 70.14 
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Table F5 Gas production data for 16 and 12 hours HRT reactors at 3S°C operation 
Date Day Daily Gas 
at SIP, Liters 
Reactor 3 
16HrsHRT 
Cuininulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at SIP, Liters 
Reactor 4 
12HrsHRT 
Cununulative 
Gas, Liters 
% 
Methan( 
9/14/92 56 3.77 
1000 mg/L COD (490 mg/L BOD^ 
3.77 - 4.87 4.87 
9/15/92 57 3.84 7.62 
-
4.77 9.64 
-
9/16/92 58 4.34 11.95 68.16 4.66 14.30 69.11 
9/17/92 59 3.90 15.86 
-
4.57 18.88 
-
9/18/92 60 3.93 19.79 
-
4.64 23.52 
-
9/19/92 61 3.98 23.77 
-
4.71 28.23 -
9/20/92 62 4.05 27.82 
-
4.75 32.98 
-
9/21/92 63 4.03 31.86 68.10 4.64 37.63 69.11 
9/22/92 64 4.09 35.94 
-
4.96 42.59 
-
9/23/92 65 4.15 40.09 
-
5.02 47.60 -
9/24/92 66 4.17 44.26 
-
5.08 52.68 -
9/25/92 67 4.18 48.44 
-
5.03 57.71 -
9/26/92 68 4.08 52.52 
-
4.91 62.62 -
9/27/92 69 4.11 56.63 
-
4.96 67.58 
-
9/28/92 70 4.16 60.79 
-
4.96 72.54 
-
9/29/92 71 4.15 64.94 
-
5.07 77.61 
-
9/30/92 72 4.20 69.14 67.82 5.01 82.62 69.14 
10/1/92 73 4.23 73.37 
-
5.09 87.70 
-
10/2/92 74 4.23 77.60 
-
5.01 92.71 -
10/3/92 75 4.20 81.79 
-
4.94 97.65 
-
10/4/92 76 4.26 86.05 68.23 5.15 102.80 69.83 
10/5/92 77 4.32 90.37 
-
5.19 107.99 
-
10/6/92 78 4.41 94.78 
- 5.23 113.22 -
10/7/92 79 4.59 99.38 
-
5.26 118.48 -
10/8/92 80 4.60 103.97 67.86 5.52 124.00 69.61 
10/9/92 81 4.58 108.55 
-
5.75 129.75 
-
10/10/92 82 4.66 113.21 
-
5.81 135.56 -
10/11/92 83 4.62 117.83 
-
5.90 141.46 
-
10/12/92 84 4.61 122.44 5.95 147.40 . 
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Table FS continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 4 
12HrsHRT 
Cununulative 
Gas, Liters 
% 
Methani 
10/13/92 85 4.62 127.06 - 5.90 153.31 -
10/14/92 86 4.59 131.64 - 6.07 159.38 -
10/15/92 87 4.57 136.21 - 6.02 165.40 -
10/16/92 88 4.61 140.82 68.19 5.95 171.35 69.16 
10/17/92 89 4.64 145.46 • 5.99 177.34 -
10/18/92 90 4.62 150.07 - 6.02 183.36 • 
10/19/92 91 4.64 154.72 
-
6.02 189.38 
-
10/20/92 92 4.67 159.38 - 5.96 195.34 -
10/21/92 93 4.64 164.02 67.64 6.03 201.37 69.97 
10/22/92 94 4.61 168.62 - 5.99 207.37 -
10/23/92 95 4.61 173.24 - 5.94 213.31 -
10/24/92 96 4.64 177.87 6i.72 5.97 219.28 68.97 
10/25/92 97 4.60 182.47 • 5.88 225.16 -
10/26/92 98 4.57 187.04 - 5.93 231.09 -
10/27/92 99 4.56 191.61 - 5.92 237.01 -
10/28/92 100 4.62 196.22 - 5.94 242.95 -
10/29/92 101 4.67 200.89 - 5.98 248.93 -
10/30/92 102 4.74 205.64 66.36 6.05 254.99 70.01 
10/31/92 103 4.71 210.34 - 6.00 260.98 -
11/1/92 104 4.66 215.00 - 5.96 266.94 -
11/2/92 105 4.64 219.65 - 5.89 272.83 -
11/3/92 106 4.68 224.33 67.88 6.01 278.83 69.73 
11/4/92 107 4.70 229.03 - 6.11 284.94 -
11/5/92 108 4.77 233.80 - 6.21 291.15 -
11/6/92 109 4.77 238.56 - 6.40 297.55 -
11/7/92 110 4.81 243.38 - 6.48 304.03 -
11/8/92 111 4.80 248.18 68.17 6.77 310.80 69.85 
11/9/92 112 4.80 252.98 - 6.78 317.58 -
11/10/92 113 4.80 257.78 - 6.84 324.42 -
11/11/92 114 4.84 262.62 68.47 6.84 331.26 70.06 
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Table F5 continued 
Date Day Daily Gas 
at SIP, Liters 
Reactor 3 
16HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at SIP, Liters 
Reactor 4 
12HrsHRT 
Cununulative 
Gas, Liters 
% 
Miethan< 
11/12/92 115 4.90 267.53 - 6.92 338.18 -
11/13/92 116 4.90 272.43 - 6.87 345.05 -
11/14/92 117 4.87 277.30 - 6.92 351.97 -
11/15/92 118 4.91 282.21 - 6.95 358.92 -
11/16/92 119 4.90 287.10 67.38 6.88 365.80 69.17 
11/17/92 120 4.86 291.96 - 6.85 372.65 -
11/18/92 121 4.92 296.89 - 6.91 379.56 -
11/19/92 122 4.89 301.77 - 6.94 386.50 -
11/20/92 123 4.88 306.65 68.21 6.88 393.38 69.97 
11/21/92 124 4.88 311.54 - 6.85 400.24 -
11/22/92 125 4.85 316.39 - 6.88 407.12 -
11/23/92 126 4.88 321.27 - 6.88 414.00 -
11/24/92 127 4.92 326.19 - 6.84 420.84 -
11/25/92 128 4.90 331.10 67.95 6.87 427.71 70.03 
11/26/92 129 4.90 335.99 - 6.91 434.62 -
11/27/92 130 4.90 340.90 - 6.90 441.51 -
11/28/92 131 4.90 345.80 68.44 6.94 448.46 69.78 
11/29/92 132 4.86 350.65 - 6.82 455.27 -
11/30/92 133 4.84 495.62 - 6.86 462.13 -
12/1/92 134 4.84 500.47 68.42 6.85 468.98 70.14 
12/2/92 135 4.83 505.30 - 6.89 475.87 -
12/3/92 136 4,89 510.19 - 6.90 482.77 -
12/4/92 137 4.91 515.10 68.19 6.87 489.64 69.89 
12/5/92 138 4.92 520.02 - 6.96 496.61 -
12/6/92 139 4.88 524.90 - 6.92 503.52 -
12/7/92 140 4.89 529.79 - 6.89 510.41 -
12/8/92 141 4.91 534.70 - 6.91 517.32 -
12/9/92 142 4.84 539.55 69.07 6.92 524.25 70.31 
12/10/92 143 4.82 544.37 - 7.00 531.23 -
12/11/92 144 4.90 549.27 - 7.07 538.31 -
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Table FS continued 
Reactor 3 Reactor 4 
16HrsHRT 12HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at SIP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
12/12/92 145 4.92 554.19 7.11 545.41 -
12/13/92 146 4.84 559.04 7.13 552.54 -
12/14/92 147 4.85 563.89 68.21 7.08 559.62 70.18 
12/15/92 148 4.85 568.74 7.06 566.67 
12/16/92 149 4.84 573.58 7.09 573.76 
12/17/92 150 4.87 578.45 7.19 580.96 
12/18/92 151 4.90 443.21 7.10 588.05 
12/19/92 152 4.86 448.07 7.10 595.15 
12/20/92 153 4.91 452.99 68.15 7.17 602.31 70.14 
800mg/L COD (392 mg/L BOD5) 
12/21/92 154 4.67 457.65 6.62 608.94 -
12/22/92 155 4.41 462.06 6.35 615.29 -
12/23/92 156 4.15 466.21 6.23 621.53 -
12/24/92 157 3.93 470.15 69.02 5.86 627.39 68.49 
12/25/92 158 3.73 473.88 5.38 632.77 -
12/26/92 159 3.48 477.36 5.37 638.13 • 
12/27/92 160 3.26 480.62 5.41 643.54 -
12/28/92 161 3.23 483.85 68.84 5.38 648.92 69.08 
12/29/92 162 3.20 487.05 5.26 654.18 -
12/30/92 163 3.17 490.22 5.31 659.49 -
12/31/92 164 3.20 493.42 5.28 664.77 -
1/1/93 165 3.18 496.60 5.21 669.98 -
1/2/93 166 3.19 499.79 69.19 5.27 675.26 69.04 
1/3/93 167 3.23 503.02 5.35 680.60 -
1/4/93 168 3.23 506.25 5.25 685.85 -
1/5/93 169 3.19 509.44 69.12 5.29 691.14 69.04 
600 mg/L COD (294 mg/L BOD^ 
1/6/93 170 2.97 512.42 5.05 696.19 -
1/7/93 171 2.80 515.23 4.76 700.95 -
1/8/93 172 2.78 518.01 4.59 705.54 -
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Table FS continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 4 
12HrsHRT 
Cummidative 
Gas, Liters 
% 
MethaiK 
1/9/93 173 2.64 520.65 - 4.46 710.00 -
1/10/93 174 2.60 523.25 68.17 4.42 714.42 66.85 
1/11/93 175 2.47 525.71 - 4.34 718.76 -
1/12/93 176 2.46 528.17 - 4.25 723.02 -
1/13/93 177 2.44 530.61 - 4.14 727.16 -
1/14/93 178 2.48 533.09 - 4.24 731.40 -
1/15/93 179 2.50 535.60 68.25 4.21 735.60 67.18 
1/16/93 180 2.44 538.04 - 4.21 739.82 -
1/17/93 181 2.48 540.52 
-
4.20 744.01 -
1/18/93 182 2.55 543.07 68.16 4.25 748.26 67.33 
1/19/93 183 2.27 
400 mg/L COD (196 mg/L BOD5) 
545.94 - 3.49 751.75 
1/20/93 184 2.12 547.47 
-
2.99 754.74 -
1/21/93 185 2.08 549.56 
- 2.85 757.59 -
1/22/93 186 2.05 551.61 71.43 2.66 760.25 67.33 
1/23/93 187 1.99 553.60 - 2.44 762.69 -
1/24/93 188 2.00 555.60 - 2.27 764.96 -
1/25/93 189 1.93 557.54 - 2.20 767.16 -
1/26/93 190 2.01 559.55 - 2.19 769.36 -
1/27/93 191 1.93 561.48 71.06 2.20 771.56 66.58 
1/28/93 192 1.95 563.43 
- 2.22 773.78 -
1/29/93 193 1.94 565.37 - 2.21 775.99 -
1/30/93 194 1.98 567.35 
- 2.16 778.15 -
1/31/93 195 1.99 569.33 69.87 2.12 780.27 66.15 
2/1/93 196 2.02 571.35 - 2.18 782.45 -
2/2/93 197 1.93 573.28 - 2.17 784.62 -
2/3/93 198 1.94 575.22 - 2.11 786.73 -
2/4/93 199 1.96 577.18 70.28 2.13 788.86 66.01 
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Table F6 Gas production data for 16 and 12 hours HRT reactors at 2S^C operation 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrsHRT 
Cummulative 
Gas, Liters 
% Daily Gas 
Methane at STP, Liters 
Reactor 4 
12HrsHRT 
Cummulative 
Gas, Liters 
% 
Methan 
2/5/93 200 2.57 
1000 mg/L COD (490 mg/L BOD5) 
2.57 - 3.81 3.81 
2/6/93 201 2.86 5.43 3.97 7.78 
-
2/7/93 202 3.04 8.47 4.28 12.05 
-
2/8/93 203 3.25 11.72 68.22 4.42 16.47 69.74 
2/9/93 204 3.71 15.43 4.65 21.12 
-
2/10/93 205 3.51 18.94 4.95 26.07 
-
2/11/93 206 3.48 22.43 5.15 31.21 
-
2/12/93 207 3.37 25.80 5.08 36.29 
-
2/13/93 208 3.42 29.22 5.12 41.41 
-
2/14/93 209 3.50 32.72 67.86 5.21 46.62 69.06 
2/15/93 210 3.36 36.08 4.73 51.34 
-
2/16/93 211 3.25 39.33 4.49 55.83 • 
2/17/93 212 39.33 - 55.83 -
2/18/93 213 39.33 - 55.83 -
2/19/93 214 39.33 66.19 55.83 68.18 
2/20/93 215 39.33 
-
55.83 
-
2/21/93 216 39.33 
-
55.83 
-
2/22/93 217 39.33 
-
55.83 
-
2/23/93 218 39.33 
-
55.83 
-
2/24/93 219 39.33 
-
55.83 
-
2/25/93 220 39.33 
-
55.83 
-
2/26/93 221 39.33 66.01 55.83 65.96 
2/27/93 222 39.33 
-
55.83 
-
2/28/93 223 39.33 
-
55.83 
-
3/1/93 224 39.33 
-
55.83 
-
3/2/93 225 39.33 
-
55.83 
-
3/3/93 226 39.33 
-
55.83 
-
3/4/93 227 
-
39.33 66.78 55.83 66.89 
3/5/93 228 • 39.33 • 55.83 . 
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Table F6 continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrsHRT 
Cummulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 4 
12HrsHRT 
Cummulative 
Gas, Liters 
% 
Methan 
3/6/93 229 - 39.33 - 55.83 -
3/7/93 230 - 39.33 - 55.83 -
3/8/93 231 - 39.33 - 55.83 -
3/9/93 232 - 39.33 - 55.83 -
3/10/93 233 
-
39.33 66.27 55.83 67.93 
3/11/93 234 
-
39.33 
- 55.83 -
3/12/93 235 - 39.33 - 55.83 -
3/13/93 236 - 39.33 
-
55.83 
-
3/14/93 237 
-
39.33 
-
55.83 
-
3/15/93 238 - 39.33 66.28 55.83 66.01 
3/16/93 239 - 39.33 - 55.83 -
3/17/93 240 - 39.33 - 55.83 -
3/18/93 241 - 39.33 - 55.83 -
3/19/93 242 - 39.33 - 55.83 -
3/20/93 243 - 39.33 65.91 55.83 66.38 
3/21/93 244 - 39.33 - 55.83 -
2/22/93 245 
-
39.33 
-
55.83 
-
3/23/93 246 3.26 42.59 
-
4.51 60.35 
-
3/24/93 247 3.35 45.94 
-
4.73 65.07 
-
3/25/93 248 3.33 49.27 
-
4.81 69.88 
-
3/26/93 249 3.26 52.53 66.72 4.79 74.67 66.86 
3/27/93 250 3.31 55.84 
-
4.75 79.42 
-
3/28/93 251 3.33 59.17 
-
4.70 84.12 -
3/29/93 252 3.34 62.51 
- 4.65 88.78 -
3/30/93 253 3.27 65.78 
-
4.69 93.47 
-
3/31/93 254 3.20 68.98 
-
4.62 98.09 
-
4/1/93 255 3.30 72.28 68.41 4.63 102.72 67.42 
4/2/93 256 3.32 75.60 - 4.73 107.44 -
4/3/93 257 3.45 79.05 - 4.80 112.25 -
4/4/93 258 3.51 82.55 . 4.86 117.11 . 
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Table F6 continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Reactor 4 
12HrsHRT 
Daily Gas Cummulative 
at STXfisitfailers 
% 
Methane 
Msm 259 3.46 86.02 - 4.90 122.01 -
mm 260 3.42 89.43 70.87 4.85 126.87 70.56 
Anm 261 3.44 92.88 
-
4.98 131.85 
-
4/8/93 262 3.46 96.33 
- 5.00 136.85 -
4/9/93 263 3.47 99.80 
-
5.03 136.85 
-
4/10/93 264 3.54 103.34 
- 5.05 146.93 -
4/11/93 265 3.54 106.88 72.02 5.22 152.15 71.91 
4/12/93 266 3.71 110.59 
- 5.32 157.47 -
4/13/93 267 3.97 114.56 
-
5.49 162.96 
-
4/14/93 268 4.11 118.67 
- 5.69 168.65 -
4/15/93 269 4.31 112.98 
- 5.71 174.36 -
4/16/93 270 4.42 127.41 
-
6.09 180.44 
-
4/17/93 271 4.51 131.92 
-
6.20 186.64 
-
4/18/93 272 4.52 136.43 72.19 6.32 192.96 71.28 
4/19/93 273 4.49 140.93 
- 6.22 199.18 -
4/20/93 274 4.66 145.59 
- 6.32 205.50 -
4/21/93 275 4.77 150.36 
- 6.50 212.00 -
AtlWi 276 4.68 155.03 
-
6.60 218.59 
-
4/23/93 277 4.58 159.62 
- 6.55 225.15 -
4/24/93 278 4.62 164.23 72.06 6.72 231.87 70.82 
4/25/93 279 4.66 168.89 
-
6.70 238.57 
-
4/26/93 280 4.65 173.54 
-
6.77 245.34 -
Anim 281 4.70 178.24 71.99 6.82 252.16 71.31 
4/28/93 282 4.68 182.92 
- 6.82 258.99 -
4/29/93 283 4.67 187.59 
- 6.80 265.79 -
4/30/93 284 4.72 192.32 
-
6.83 272.61 
-
5/1/93 285 4.75 197.06 72.18 6.86 279.47 71.16 
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Table F6 continued 
Reactor 3 Reactor 4 
16HrsHRT 12HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
800mg/L COD (392 mg/L BOD5) 
5/2/93 286 3.12 200.18 
-
5.72 285.19 
-
5/3/93 287 2.92 203.10 - 5.55 290.74 
-
5/4/93 288 2.87 205.96 - 5.48 296.22 -
5/5/93 289 2.85 208.81 71.53 5.30 301.52 72.13 
5/6/93 290 2.79 211.60 
-
5.21 306.73 
-
5/7/93 291 2.74 214.34 - 5.06 311.79 
-
5/8/93 292 2.71 217.05 - 5.02 316.81 -
5/9/93 293 2.75 219.80 71.28 5.06 321.88 71.95 
5/10/93 294 2.77 225.58 - 5.08 326.96 -
5/11/93 295 2.80 225.37 
-
5.02 331.98 
-
5/12/93 296 2.82 228.20 
-
5.05 337.02 
-
5/13/93 297 2.82 231.02 71.31 5.05 342.07 72.24 
5/14/93 298 2.78 233.80 
-
5.09 347.16 
-
5/15/93 299 2.83 236.63 - 5.05 352.21 
-
5/16/93 300 2.81 239.45 
- 5.13 357.34 -
5/17/93 301 2.83 242.28 71.02 5.06 362.40 72.07 
600 mg/L COD (294 mg/L BOD5) 
5/18/93 302 2.66 244.94 
-
4.49 366.89 
-
5/19/93 303 2.36 247.29 71.81 4.16 371.05 72.39 
5/20/93 304 2.21 249.50 
- 4.03 375.08 -
5/21/93 305 2.19 251.69 
-
3.97 379.05 
-
5/22/93 306 2.20 253.89 
-
3.90 382.96 
-
5/23/93 307 2.14 256.03 72.56 3 386.68 74.92 
5/24/93 308 2.17 258.20 
-
3.74 390.42 
-
5/25/93 309 2.18 260.38 
-
3.76 394.18 
-
5/26/93 310 2.15 262.53 - 3.71 397.89 
-
5/27/93 311 2.11 264.64 72.89 3.62 401.51 75.16 
5/28/93 312 2.09 266.73 
-
3.69 405.20 
-
5/29/93 313 2.07 268.80 _ 3.69 408.89 _ 
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Table F6 continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrsHRT 
Cununulative 
Gas, Liters 
% 
Methane 
Daily Gas 
at STP, Liters 
Reactor 4 
12HrsHRT 
Cuimnulative 
Gas, Liters 
% 
Methan 
5/30/93 314 2.11 270.91 - 3.71 412.61 -
5/31/93 315 2.08 272.99 73.38 3.69 416.29 75.09 
6/1/93 316 2.09 275.09 - 3.71 420.00 -
6/2/93 317 2.10 277.18 
-
3.72 423.71 
-
6/3/93 318 2.12 279.30 
-
3.66 427.38 
-
6/4/93 319 2.09 281.39 
-
3.69 431.07 
-
6/5/93 320 2.13 283.52 73.14 3.74 434.81 74.94 
6/6/93 321 1.94 
400 mg/L COD (196 mg/L BODs) 
285.46 - 3.18 437.99 
6/7/93 322 1.90 287.36 
- 2.86 440.85 -
6/8/93 323 1.81 289.17 
-
2.60 443.45 
-
6/9/93 324 1.79 290.96 
-
2.18 445.63 
-
6/10/93 325 1.77 292.73 70.84 2.04 447.67 71.03 
6/11/93 326 1.66 294.39 
-
2.01 449.68 
-
6/12/93 327 1.63 296.01 
-
1.96 451.64 
-
6/13/93 328 1.56 297.58 
-
1.93 453.57 
-
6/14/93 329 1.51 299.09 
-
1.91 455.47 
-
6/15/93 330 1.50 300.59 70.54 1.95 457.42 70.08 
6/16/93 331 1.50 302.09 
-
1.93 459.35 
-
6/17/93 332 1.49 303.58 
- 1.88 461.23 -
6/18/93 333 1.45 305.03 
-
1.86 463.08 
-
6/19/93 334 1.47 306.49 
-
1.89 464.98 
-
6/20/93 335 1.49 307.99 69.89 1.92 466.90 70.26 
6/21/93 336 1.49 309.47 
- 1.93 468.83 -
6/22/93 337 1.50 310.97 
-
1.95 470.78 
-
6/23/93 338 1.47 312.44 70.25 1.91 472.68 70.12 
6/24/93 339 1.50 313.94 
-
1.94 474.62 
-
6/25/93 340 1.49 315.43 70.18 1.94 476.56 69.90 
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Table F7. Gas production data for 16 and 12 hours HRT reactors at 20°C operation 
Reactor 3 Reactor 4 
16HrsHRT 12HrsHRT 
Date Day Daily Gas Cununulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at SIP, Liters Gas, Liters Methane 
400 mg/L COD (196 mg/L BOD5) 
6/26/93 341 1.34 1.34 
-
1.89 1.89 
-
6/27/93 342 1.30 2.64 69.78 1.85 3.74 69.47 
6/28/93 343 1.27 3.91 
-
1.83 5.58 
-
6/29/93 344 1.20 5.11 
-
1.87 7.44 
-
6/30/93 345 1.12 6.24 - 1.92 9.36 
-
7/1/93 346 1.09 7.32 68.91 1.97 11.34 69.78 
7/2/93 347 1.13 8.46 
-
1.93 13.26 
-
7/3/93 348 1.15 9.61 
-
1.96 15.22 
-
7/4/93 349 1.13 10.74 
-
1.99 17.21 
-
7/5/93 350 1.11 11.84 68.43 2.03 19.23 69.14 
7/6/93 351 1.09 12.93 
- 2.06 21.30 
-
7/7/93 352 1.05 13.99 
-
2.03 23.32 -
7/8/93 353 1.09 15.08 
-
2.06 25.38 -
7/9/93 354 1.07 16.15 
-
2.05 27.43 
-
7/10/93 355 1.12 17.27 68.51 2.10 29.53 68.86 
7/11/93 356 1.14 18.41 
-
2.04 31.57 
-
7/12/93 357 1.10 19.51 
- 2.08 33.65 
-
7/13/93 358 1.13 20.64 68.29 2.05 35.70 74.94 
600 mgO. COD (294 mgA. BOD5) 
7/14/93 359 1.27 21.91 
- 2.26 37.97 
-
7/15/93 360 1.48 23.40 
-
2.40 40.37 
-
7/16/93 361 1,54 24.94 69.19 2.44 42.81 69.71 
7/17/93 362 1.61 26.54 - 2.63 45.44 
-
7/18/93 363 1.71 28.26 
-
2.78 48.22 -
7/19/93 364 1.79 30.05 
- 3.18 51.41 
-
7/20/93 365 2.10 32.15 69.86 3.42 54.84 70.63 
7/21/93 366 2.20 34.35 - 3.67 58.50 -
7/22/93 367 2.25 36.60 
-
3.80 62.30 
-
7/23/93 368 2.28 38.88 - 3.83 66.13 _ 
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Table F7. continued 
Date Day Daily Gas 
at STP, Liters 
Reactor 3 
16HrHRT 
Cummulative 
Gas, Liters 
% Daily Gas 
Methane at STP, Liters 
Reactor 4 
12HrsHRT 
Cummulative 
Gas, Liters 
% 
Methan< 
7/24/93 369 2.33 41.22 3.88 70.02 
-
7/25/93 370 2.38 43.59 69.94 3.96 73.98 70.88 
7/26/93 371 2.35 45.94 3.92 77.90 
-
imm 372 2.34 48.29 3.94 81.84 
-
7/28/93 373 2.41 50.70 3.83 85.67 
-
7/29/93 374 2.36 53.06 3.91 89.58 
-
7/30/93 375 2.38 55.44 70.29 3.93 93.52 71.26 
7/31/93 376 2.32 57.77 3.93 97.45 -
8/1/93 377 2.36 60.13 3.90 101.35 -
8/2/93 378 2.38 62.51 70.07 3.94 105.29 71.19 
8/3/93 379 2.57 
800 mg/L COD (392 mg/L BOD5) 
65.08 - 4.07 109.36 
8/4/93 380 2.68 67.77 4.31 113.67 
-
mm 381 2.89 70.66 4.43 118.10 -
8/6/93 382 2.94 73.59 71.46 4.57 122.67 69.17 
snm 383 2.93 76.53 4.6! 127.28 
-
8/8/93 384 2.98 79.51 4.70 131.98 
-
8/9/93 385 2.99 82.50 4.75 136.73 -
8/10/93 386 3.02 85.53 71.33 4,77 141.51 68.07 
8/11/93 387 3.01 88.53 4.74 146.24 
-
8/12/93 388 3.04 91.57 4.80 151.04 
-
8/13/93 389 3.06 94.64 71.14 4.76 155.80 67.36 
8/14/93 390 3.09 97.73 4.81 160.61 -
8/15/93 391 3.11 100.84 4.78 165.40 
-
8/16/93 392 3.07 103.91 4.81 170.21 
-
mim 393 3.03 106.93 4.85 175.06 
-
8/18/93 394 3.09 110.02 70.73 4.81 179.87 67.19 
8/19/93 395 3.00 113.02 4.74 184.61 
-
8/20/93 396 3.03 116.05 4.78 189.39 
-
8/21/93 397 3.08 119.13 4.82 194.22 _ 
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Table F7. continued 
Reactor 3 Reactor 4 
16HrsHRT l2HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STE^dsit^iiters Methane 
8/22/93 398 3.12 122.25 71.02 4.87 199.09 67.42 
1000 mg/L COD (490 mg/L BOD5) 
8/23/93 399 3.19 125.44 - 5.20 204.29 -
8/24/93 400 3.22 128.67 - 5.34 209.63 -
8/25/93 401 3.45 132.12 
-
5.51 215.13 -
8/26/93 402 3.53 135.65 70.64 5.68 220.81 68.97 
8/27/93 403 3.84 139.48 - 5.93 226.75 -
8/28/93 404 3.97 143.45 
-
6.26 233.00 
-
8/29/93 405 4.25 147.71 69.42 6.40 239.40 69.89 
8/30/93 406 4.39 152.10 
- 6.48 245.88 -
8/31/93 407 4.43 156.53 
- 6.86 252.74 -
9/1/93 408 4.48 161.00 69.53 6.91 259.65 69.96 
9/2/93 409 4.42 165.42 
- 6.92 266.57 -
9/3/93 410 4.42 169.84 
- 6.93 173.50 -
9/4/93 411 4.36 174.20 69.31 6.85 280.35 70.02 
Table F8. Gas production data for 16 and 12 hours HRT reactors at 15°C operation 
Reactor 3 Reactor 4 
16HrsHRT 12HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
400 mg/L COD (196 mg/L BOD5) 
9/5/93 412 1.79 1.79 
- 3.32 3.32 -
9/6/93 413 1.26 3.06 - 1.93 5.25 -
9/7/93 414 0.94 3.99 68.70 1.75 7.01 69.59 
9/8/93 415 0.92 4.91 
-
1.69 8.70 
-
9/9/93 416 0.89 5.80 
-
1.71 10.41 
-
9/10/93 417 0.86 6.66 
-
1.73 12.15 
-
9/11/93 418 0.84 7.50 
-
1.75 13.90 
-
9/12/93 419 0.80 8.30 69.13 1.78 15.68 68.94 
9/13/93 420 0.82 9.12 
-
1.72 17.40 
-
9/14/93 421 0.80 9.92 
-
1.69 19.09 
-
9/15/93 422 0.84 10.76 
- 1.68 20.78 -
9/16/93 423 0.83 11.59 
-
1.74 22.52 -
9/17/93 424 0.82 12.41 
-
1.72 24.25 -
9/18/93 425 0.81 13.22 69.27 1.72 25.96 68.17 
9/19/93 426 0.79 14.01 
-
1.72 27.68 
-
9/20/93 427 0.81 14.82 - 1.73 29.41 
-
9/21/93 428 0.84 15.66 69.41 1.74 31.15 68.09 
9/22/93 429 0.83 16.48 
-
1.76 32.91 -
9/23/93 430 0.81 17.29 69.09 1.73 34.64 68.26 
9/24/93 431 0.83 18.13 
-
1.72 36.36 -
9/25/93 432 0.85 18.98 
-
1.70 38.07 
-
9/26/93 433 0.83 19.81 69.37 1.74 39.81 68.13 
600 mg/L COD (294 mg/L BOD5) 
9/27/93 434 1.02 20.84 
-
1.94 41.75 
-
9/28/93 435 1.41 22.25 
-
2.03 43.78 
-
9/29/93 436 1.54 23.79 
-
2.24 46.01 
-
9/30/93 437 1.61 25.39 69.18 2.64 48.66 69.82 
10/1/93 438 1.64 27.04 - 2.67 51.33 -
10/2/93 439 1.62 28.66 2.66 53.99 
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Table F8. continued 
Date Day Daily Gas 
at SIP, Liters 
Reactor 3 
16HrsHRT 
Cummulative 
Gas, Liters 
% Daily Gas 
Methane at SIP, Liters 
Reactor 4 
12HrsHRT 
Cummulative 
Gas, Liters 
% 
Methan( 
10/3/93 440 1.61 30.27 70.01 2.74 56.73 71.94 
10/4/93 441 1.63 31.90 2.76 59.49 
-
10/5/93 442 1.60 33.47 2.78 62.27 
-
10/6/93 443 1.61 35.08 2.75 65.01 
-
10/7/93 444 1.58 36.66 70.13 2.73 67.75 72.31 
10/8/93 445 1.61 38.27 2.69 70.43 
-
10/9/93 446 1.63 39.90 2.71 73.14 
-
10/10/93 447 1.62 41.52 70.19 2.73 75.87 72.28 
800mg/L COD (392 mg/L BOD5) 
10/11/93 448 1.97 43.49 3.52 79.39 
-
10/12/93 449 2.08 45.57 68.71 3.68 83.08 
-
10/13/93 450 2.29 47.86 
-
10/14/93 451 2.39 50.25 . 
10/15/93 452 2.44 52.70 66.95 
10/16/93 453 2.54 55.24 
-
10/17/93 454 2.57 57.80 
-
10/18/93 455 2.52 60.32 
-
10/19/93 456 2.49 62.81 67.08 
10/20/90 457 2.51 65.31 
-
10/21/93 458 2.53 67.84 
-
10/22/93 459 2.58 70.42 -
10/23/93 460 2.55 72.97 67.24 
1000 mg/L COD (490 mg/L BOD5) 
10/24/93 461 2.72 75.69 
10/25/93 462 
- -
10/26/93 463 
- -
10/27/63 464 . « 
10/28/93 465 
10/29/93 466 
10/30/93 467 
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Table F8. continued 
Reactor 3 Reactor 4 
16HrsHRT 12HrsHRT 
Date Day Daily Gas Cummulative % Daily Gas Cummulative % 
at STP, Liters Gas, Liters Methane at STP, Liters Gas, Liters Methane 
10/31/93 468 
11/1/93 469 
11/2/93 470 
11/3/93 471 
11/4/93 472 
11/5/93 473 
11/6/93 474 
11/7/93 475 
11/8/93 476 
